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CHLOROPinLL D, V GREKN PIGMENT OF RED AIGAE 

Ih WINSTON M M\NMNG am. HAUOI D H SIKAIN 

(trail the Carncpic In’tilulion of It o'Jiinff/oii, Dinsion of I'lnnl Dtologij, Stanford 

Cnit/ornia) 

(Ucccncd for ptibhcnlion, Jiilj 1, 1<1)3) 

Recent in\ c'itifntions In\c cmphiipi7c(l the cliscrtily of chlorophylls 
in plants (1-3) Higher pi ints and Rreen nlgic contain chlorophjdl a 
and chlorophill h R\ contrast, diatoms, dinoflagcllatcs, and broim 
dp IP do not contain chloroplnll b but do cont tin, in addition to chloro- 
plnll a, 1 eh iriplonstic preen jnpmcnt, chlorophjll c (1,2) 

Rod alpie (Rhodoplnt i) uo sharph distinguished from all othei plants 
with reaped to matonn, life hi'-toi\, ind the otciirrcncc of certain pro- 
tein iceou'' inpmcnts In order to dcteiminc uhether or not this distinc- 
fi\ one's IS icfltclcd bi the oceuircnce of iimqiic preen pigments. Me ha\c 
in\estipatod the ehloroplulK of seioral mirinc species of red algae 
Eirhcr Mork has shown that chloroplnll n is the principal chlorophyll 
of rod algae, ind that chlorophjll b is absent, or present only in traces 
(1-7) The occiirrcnec of chloiofucinc (chloroplnll c) m red algae, re- 
poited 70 jears ago b^ Sorbj (d), ha« not been \erified (2, 5, 7) Until 
now no other chlorophjll like pigment has been reported for red algae 

FM’FniMLNTAT 
^^n(cnttl and Methods 

The red algae were collected at low tide near Moss Beach north of Half 
Moon Baj, California Me arc indebted to Dr Gilbert M Smith of 
Stanford UnncrsiU for identification of these algae In most cases the 
matenal was mod w ithin 2 1 hours after collection M hen not used within 
this time, the algae weic moistened with sea water and stored at 6° in a 
loosclj' co\ ered container 

The methods cmploj ed foi c\ti iction and purification of the pigments, 
and for measurement of spectial absoiption, were essentially those de- 
scribed in preceding papeis (1, 2) tVhen modification or extension of 
these methods was neccssan , the piocedures aie desciibed in the sectioas 
pertaining to the prepai ation of indi\ idual compounds 
For most species of led algae, chloiophyll extraction lequired seveial 
hours when the fiesh thalli weie ticatcd directly with methanol Foi 
one species, Erylh opiajllum delcssenoidcs, extinction ivith methanol was 
nearly complete m 20 to 30 minutes M hen the algae w ere killed by 
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CHLOROPinLL D, \. GREKN PIGMENT OF RED AIGAE 

Ih \MNSTON M M\NM\G am. HAUOI D H SIKAIN 

(I roll the Carnrpic In’tilulion of It Dinsioit of I'lnnl Dtologij, Stanford 

bniicr^ttij, California) 

(Ucccncd for piibhcnlion, Jiilj 1, 10)3) 

Recent in\ c'^tipotions In\c cmphnpircd the (liscrtity of chlorophylls 
in plants (1-3) IIiRher pi mis and Rreen nlgic contnm chlorophyll a 
ond chlorophjll h R\ controst, diotoms, dinollogcllatcs, and bro\m 
dp IP do not contain chloroplull b but do coni un, in addition to chloro- 
plnll (I, a eh iriplonstic preen inpmcnt, chlorophjll c (1,2) 

Rod alpie (Rhodoplnl i) no sharph dislmgnishcd from all othei plants 
with re^peU to inatotn\ , life hi^toi\, ind the occurrence of certain pro- 
tein iceou'' iiipincnts In order to dctciinine uhether or not this distinc- 
tnone's is icfltclcrl b\ the occiiirencc of unique preen pigments, we ha\c 
iniestipatod the ehlorophi IN of acioral mirinc sjiecias of red algae 
Eirhcr work has «hown that chloroplnll a is the principal chlorophyll 
of red algae, ind that chloroiihjll b is absent, or present only in traces 
(1-7) The occurrence of chloiofucinc (chloroplull c) in red algae, re- 
poited 70 jears ago b^ Sorbj (4), ha« not been cenfied (2, 5, 7) Until 
now 110 other chloroph}!! like pigment has been reported for red algae 

FM’FniMLNTAl 
j)falcnal and Methods 

The red algae were collected at low tide near IMoss Beach north of Half 
Moon Baj, California Me arc indebted to Dr Gilbert M Smith of 
Stanford Uiiucrsits for identification of these algae In most cases the 
matenal was lucd w itliin 2 1 hours after collection M hen not used within 
this time, the algae weic moistened with sea water and stored at 6° in a 
looscl}' co\ ered container 

The methods cmploj ed foi c\ti iclion and purification of the pigments, 
and for measurement of spectial absoiption, were essentially those de- 
scribed in preceding papeis (1, 2) IVhcn modification or extension of 
these methods was necessan , the piocedures aie desciibed in the sectious 
pertaining to the prepai ation of indii idual compounds 
For most species of led algae, chloiophyll extraction lequired seveial 
hours when the fiesh thalh weie treated directly wnth methanol Foi 
one species, Erylh opiajllum dclcsscnoidcs, extinction wnth methanol was 
nearly complete m 20 to 30 minutes M hen the algae w ere killed by 
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immersion for 1 minute m boiling natei, subsequent extraction of chloro 
phylls with methanol nas much more rapid, being complete m from 10 
to 30 minutes for all species Extraction of the chlorophylls with ethanol, 
Avith pyndme, or mtli acetone-water (4 1 bj’- a olume) was less rapid than 
AAuth methanol 

None of these soNents extracted appieciable quantities of phj'coe- 
1 ythi in, the characteristic i ed pigment of red algae (8, 9) After exhaustive 
extinction A\ith methanol, the algal material aass ahAays bnght red or pink, 
even foi species AAhich Aveie onginally green, biOAA-n, or purple Foi the 
mexpenenced collector, the residual red color, Aihich appears Avithin a 
feAA minutes upon extraction of the heat-killed organism, affords a simple 
and rapid means of recognizing as led algae (Rhodophyta) certain species 
Avhich othei wise might be mistaken foi broim or gieen algae 

Spectral absoiption and fluoiescencc measuiements of extiacted pig- 
ments AAere made AAith a photoelectnc spectrophotometer, constructed 
by Smith (10) Alost of the absoiption spectia shoiATi m this paper are 
plotted as log log (/o//) versus aasa e-length The lability of the pigments 
and the presence of colorless concomitants pi ecluded determination of the 
specific absoiption coeflScients 


Results 

Natural Occurrence of Chlorophyll d — In Fig 1 are presented the char 
actenstic spectral absorption a alucs foi a methanol extract of Erythrophyl- 
lum delcsseriotdes, killed by immersion for 1 minute in boihng water The 
curve for chlorophyll a (1) is superposed arbitral ily on the absorption 
values for the extract Comcidence of the cncles lA’ith the curve in the 
regions of maximum absorption indicates that the extract contains a largo 
proportion of chlorophjR a Between 680 and 720 nm, absorption A'alues 
for the extract diimrge a great deal from the chloiophyll a curve This 
divergence demonstrates the presence of another pigment (or pigments) 
that absorbs strongly at the longer Aiave-lengths The relative spectral 
absorption by this second pigment m the extracts of Erythrophyllum was 
estimated by subtraction of the fractional absorption due to chloiophyll 
a from the total absorption, as indicated by the formula in the caption 
for Fig 1 The Amlues obtained in this Aiay, shoAvn m Fig 1, correspond 
AVith the charactenstic absorption curve for a green pigment prepared 
by chromatographic adsorption from led algae (see Fig 3) Superposabil- 
ity of the absorption curve on the difference values mdicates that the 
absorption in the region 680 to 720 m/i, ov er and abov'C that due to chloro- 
phyll a, IS primnnty or solely due to this second green pigment For this 
pigment, w e propose the name chlorophyll d 

If chlorophyll d is a natural constituent of red algae, in the same sense 
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that clilorophvll n is a mUirsl conpliUicnt, the amount of this pigment 
rchluc to chloroph\ll a should not \nr\ when the phnls arc killed in 
didcrcnt wss-s and the chloroplnlls arc o\ti acted comiilolclj' Of the 
species a\ailahle for such a test, Lrythrophiillum dclcsscnoidcs was most 
suitable because of tlie rclnti\cl\ hipii ciiloropiiyll d content and rapid 
c\tractabihtj of the pigment^ 



Tio 1 Tie 2 

Flo 1 Absorption vnliics for piRmcnth in it mctlmiiol i\trncl of I rylhrophyllum 
ifcffsscrioido Tlip rirrlcs represent nbsorption b> nil piEmcnlB in the c\lrnct The 
chlorophjll a curte (lint) represents nbsorption bj chloroplijll n in the e\trnct The 
dots rcprcKcnl the cMcutntcd nlisorption \ aluCH for the ditferenee between the nbsorp 
lion bj tlie c\tract (cirrlcs) and the absorption bj clilorophjll a in the c\tract 
These dificreiicc tallies ire cnlciilntcd ns loRio ((logio (fo/O for cMrnct) — (logic (/o//) 
for chlorophjll ft in t\lrn( t)l The ciir\c for chlorophjll d (line) is from Fig 3 and 
IS nrbitrarilj' Buperinipo^cd on the difTcrcncc value at G95 m/j 

Flo 2 Absorption turves for iiigincnls in methanol cvlrncts of / rythrophylluvi 
delc’scrtuides The line is for an cNtrael of plniil material nhicli had been killed by 
imtntrsion for a minute in boiling water The dots represent absorption by an ex- 
tract of fresh material The cuncs arc arbitrarily superposed at 650 m^i 

Fig 2 shows that the absorption ciine foi a methanol extract of fresh 
Ji^rylhrophyllnm (not heat-treated) is in fan agreement with the curve 
for an extract of heat-killed material The agreement indicates that the 
amount of chlorophjdl d relative to chlorophyll a was not appreciably 
altered by the vaiiation m tieatment 
For methanol extracts, the ratio of the absoiption density at 665 my 
(chlorophyll a maximum) to the density at 700 my (neai the chlorophyll 
d maximum) is a sensitive test for the presence of chlorophyll d (den- 
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sity = logio ih/I)) For puie chlorophyll a in methanol, this ratio is ap- 
proiomately 90 With mcreasmg amounts of chlorophyll d, the ratio 
rapidly decreases until for pure d it is 0 25 The numencal values of this 
ratio for methanol extracts of several species of red algae are shoivn m 
Table I The presence, even in small amounts, of light-scattenng matenal 
or of various impurities, ivould appreciablj' lover the observed values 
for the ratio, so that i alues in Table I greater than 45 or 50 cannot be 
regarded as conclusu e e\ idence for the piesence of chlorophj 11 d More- 
over, pigment extraction vas incomplete for some of the species listed 
in Table I, hence, these x alues should be regarded as only approximate 
indications of the relative amounts of chloi ophylls a and d 


Table I 

Ratios of Absorption Density at 6SB Mu to Absorption Density at 700 My for 
Methanol Solutions of Pigments Extracted from Red Algae 
Density = logic (/o//) 


SpeoM 

Ratio 

Species 

Rsbo 

Erythrophyllum delessenoides 

15 

Plocamtum pacificum 

46 

Rhodomela lanx 

28 

Pnomlis lanceolata 

49 

Endocladia muncata 

32 

Callithamnion pilcanum 

55 

Botryoglossum farlowianum 

36 

Mtcrocladia coulten 

65 

Cryptopleura violacea 

36 

Gigarlina californica 

59 

Gigarlina paptllala 

36 

Halosaceion glandiformc 

62 

Calliarthron setchclUae 

38 

Hymcnena flabelligcra 

63 

Indophycus flacmdum 

39 

Odonthalia floccosa 

65 

Gelidium purpurascens 

42 

Clilorophjll d 


Gigarlina agardhn 

42 

" a 



Differential Bxtraclahihty of Chlorophylls a and d — Extraction of certain 
fresh, unheated algae xvith methanol removed chlorophyll d more rapidh 
than chlorophyll a As a result, the pigment mixtuies removed by bnef 
extraction contained a much higher proportion of chlorophjdl d than did 
those obtained bj’’ longer, moie nearly complete extraction For example, 
a 5 gm sample of Endocladia murtcala, aftei extraction for 2 minutes mth 
100 ml of methanol, yielded a solution vith an absorption ratio (665 my 
700 mp) of 21 , after extraction for 1 hour the solution contained over 3 
tunes as much total pigment but exhibited an absorption ratio of 32, 
indicating more chlorophyll a and therefore relatively less chlorophyll d 
In a similar experiment with Gigarlina agardlm, extraction for 2 mmutes 
}uelded a solution very nch in chloroph 3 ll d, mth a ratio of onty 9 8, 
whereas extraction for 5 5 hours juelded a solution mth nearly 10 times 
the total pigment concentration, but with much more chlorophyll a m pro 
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portion to clilorojiJn 11 rf, n*! ^lln\\n In im nlnorption riilio of 38 Another 
simple from the unie rollectinn of (miartim, plnrcti in boiling water for 
1 minute, w is then r\trnct((l iiniekh and completch, Molding a solution 
witli an nbsorjition latio of l(i n\ eontraat, the closch related species 
(Tiporfino pnpillatn showed no c\ulcncc of difTcrentinl cvtraetabihty, 
e\trartioii being eqiialK slow for chloroplnlls a and d 

Differential e\traetion of rhloiophjll is not confined to icd algae, ha\ing 
liecn olnoncd it low tiinperaturc for chloroplnlls a and c in the diatom 
hthmn neno'o (2) In this cne, ch!oroph\lI c was extracted more 
npidh than chloropln II o 

ScpnraUon end I'ropcrltc-^ of Cfdoropfn/ll d — 'J he rciiiaikable differential 
cvtractabihtx of chloroplnlls a and d from Gtgarhna aqaidhu facilitated 
the preparation of chlorojilnll d Rajndh picpared cxlracls of this alga 
were not onh rich m chloropln II d but tlie\ aho yielded pigment mixtures 
that were moit' rcadih sepirablc on the adsorjition columns than were 
mixtures obt imcd b\ comjilcte extinction of all the gicen pigments 
'\rorco\cr, (7 ngnulliii w us icadih axailabic at all seasons, high in the 
intertidal rone, and it icinaiiicd in good condition for ncarl3' 2 weeks 
when moistened with sea water and stored at 0® G agardlm was there- 
fore use<I for all large scale preiianfioas of cliloroplijdl d 

The following iiroccaiuic was used in a tjpical preparation Vpproxi- 
mateh 1 kilo of frc'h, slighth moist Gigartma was chopped in a wooden 
Iwwl with a sharp knife until the pieces were reduced in size to 2 oi 3 mm 
Tins choppcil material was placed in a large containci wath 2 liters of 
methanol, viid agitated frcquentlj After 30 minutes, the green extract 
was poured off and the residue steeped with anothci liter of methanol 
foro to 10 minutes These two methanol extracts, which contained nearh 
all the chloropln II d but not o\ cr 15 per cent of the chloiophjdl a originalh 
piesent in the plant material, were eombined in a C htei separatory funnel 
Approximately 300 ml of petroleum ether (b p < 75®) were thoroughlj 
mixed wath the methanol solution About 500 ml of 10 per cent sodium 
chloride solution were then added The aqueous alcohol layer was sepa- 
rated and rcextracted w ith 200 ml of peti oleum ether The tw o peti oleum 
ether extracts were combined, washed at least thiee times with watei, 
and then passed through an adsorption column of dry' powdeied sugai 
(l)i 0 7 X 20 cm The column was w'ashed wath a small amount of pe- 
troleum ethei, then with petroleum ethei containing 0 5 pei cent n-piopanol 
and 0 5 per cent dimethydanilinc until most of the chloiojiliyll o was cairied 
into the percolate At this stage, the bands on (he column weie not 
separated completely from one another A diffuse giccn zone neai the 
bottom of the column contained the chloiophyll d Trailing portions of 
chlorophyll a contaminated the chlorophydl d band Yellow pigments 
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were adsorbed below, in, and sometimes above the chlorophyll d band 
Still higher on the column, there usually occurred a diffuse green zone 
which contained small amounts of chlorophyll 6 This pigment probably 
came principally from traces of Viva, a green alga which frequently grows 
attached to Gtgarhna 

For further purification of chlorophyll d the green zone contaimng 
this pigment was removed from the column and extracted ivith a mixture 
of petroleum ether and ethanol (If necessaiy, the elutnate contaimng 
ethanol may be stored overmght ) The elutnate was washed several 
times with water The remaming petroleum ether solution was then 
concentrated at 20°, at reduced pressure, to about 40 ml Sometimes a 
precipitate formed at this stage, in which case a few ml of alcohol-free 
ethyl ether were added The pigments were then adsorbed on a short 
column of sugar, 4 7X8 cm , and washed with petroleum ether until 
a narrow yellow zone was carried below and just free of the narrow green 
layer at the top of the column This green layer was transferred to a 
0ask Approximately 10 ml of methanol were added, then 75 ml of 
petroleum ether, and finally 25 or moie ml of water The contents of 
the flask were transferred to a small separatory funnel, the aqueous alcohol 
layer was removed, and the petroleum ether layer was washed three times 
ivith water This petroleum ether solution was then filtered through 
another column of powdered sugar, 4 7 X 18 cm The adsorbed pigments 
were washed with petroleum ether containing 0 5 per cent n-propanol and 
0 5 per cent dimethylamhne Slight lemaimng traces of chlorophyll a 
preceded chlorophydl d on the column, all residual portions of yellov pig- 
ments were adsorbed above the d band When the chlorophyll d had been 
carried approximately two-thirds of the vay through the column, the 
middle portion of the d band iias removed, both the leading and the 
traihng portions being discarded The adsoibed pigment vas eluted 
with ether, or ivith methanol and petroleum ether The resulting solution 
was evaporated at 20°, at reduced pressure, to a small volume Several 
ml of methanol were added, the lesidual ether was evaporated as before, 
and additional methanol was then added The entire procedure required 
at least 7 or 8 hours 

Methanol solutions of chloiophyll d piepared in this manner arc pure 
green, the color being mtermediate between that of methanol solutions 
of chlorophyll a and chlorophyll 6 The characteristic absorption spectrum 
of freshly prepared chlorophyll d m methanol is shoivn in Fig 3 The 
absorption spectra of similar preparations of chlorophyll d from Gigarhm 
papidnta and from Erythrophyllum delessenoides agreed well mth that 
shown in Fig 3 

Chlorophyll d dissolved in u s p ether had pnncipal absorption maxima 
at 686 mg and 445 mg, with absorption approachmg another maximum 
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at or below 395 m/j, the limit of the spectrophotometer The chlorophj'll d 
absorption maxima m ether were more pronounced than the maxima in 
methanol, an effect also obsened with chloiophylls a, h, and c (1) Foi 
chlorophyll d in petroleum ether, the absorption maximum in the red 
region of the spectrum w as at 684 niju 
The w'ax e-lcngth of the principal absorption maximum of clorophyll d 
could not be determined accurately with a visual spectrophotometer be- 
cause of the low' and rapidly changing sensitivitj' of the eye to light of 
long wax e-lengths 
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Fig 3 Absorption curve for chlorophyll d from Gigarlina agardhii The inset 
shows the same data plotted as log lo (fo/f) Solvent, methanol 

Fio 4 Alteration of chlorophyll d The line represents absorption by a fresh 
preparation of chlorophyll d m methanol The dots and circles represent absorption 
by the preparation after standing for 3 and 9 dajs, respectively, at room temperature 
in the dark in sealed, evacuated tubes The curves ore arbitrarily superposed at 
695 mji 


Solutions of chlorophyll d in ethei showed a deep led fluorescence xvith 
a maximum at 693 mp There appeared to be a diffuse secondary fluoies- 
cence maximum at about 750 mp 

Chlorophyll d xvas readily soluble in peti oleum ether, and yielded a 
yellow-green solution In its relative solubility in petroleum ether as 
compared to methanol, chlorophyll d resembled chlorophyll a rather than 
the alcohol-soluble chlorophyll c In adsorbabihty, chlorophyll d was 
intermediate between chlorophj'lls 6 and 5' (1 1) when adsorbed on pow dered 
^igar and w'ashed with petroleum ether-propanol mixtures 
Absence of Chlorophylls b and c in Red Algae — Since small amounts of 
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chlorophyll b (probably from contamination by the green alga, Ulva) 
were often observed on adsorption columns during large scale preparations 
of chlorophyll d from Gigartma agardhit, a more cntical test vas made 
for the presence of chlorophyll b in Gtgariina agardhit and m Hymcnena 
jlabelltgera 

A 10 gm sample of Gigarhna agardhit was carefully selected on the basis 
of freedom from appreciable contamination by other algae, then killed by 
heating at 100° for 1 minute The pigments were extracted vith methanol 
and an aliquot was removed for spectrophotometric determination of the 
amount of chlorophyll a The pigments in the remaining solution ivere 
quantitatively transferred to petroleum ether and adsorbed and u ashed 
on a column of powdered sugar (3 X 20 cm ) No band of chloiophyll h 
was observed on the column Three contiguous zones of the column, 
including the entire region where traces of chlorophyll h could have been 
adsorbed, weie removed The pigments from each zone were eluted 
separately, dissolved in methanol, and examined spectiophotometrically 
n I amounts of alteration products of chlorophyll a (2) were obsened 
I these zones but there was no positive evidence for the presence of 
chloroph}'!! b At most, the amount of chlorophjll b could not have 
exceeded 0 3 per cent of the amount of chlorophyll a present m the original 
extract A nearly identical procedure was used for Hymcnena Jlabelltgera, 
with similar results 

Chloiophyll c was not found by spectrophotometric examination of 
the extracts of red algae, nor by adsorption of the pigments on columns 
of sugar 

From these expenments it is evident that chlorophylls b and c eithci 
are absent from the red algae which were examined, or are present onlj 
in traces 

Melal Conslituenl of Chlorophyll d — On two occasions fresh piepaiations 
of chloroph 3 dl d, each from 2 kilos of Gtgarltna agardhit, were tiansfeiied 
to petroleum ether and washed thoroughly with water to remove possible 
watei -soluble impurities The petroleum ether solutions weie evaporated 
nearly to diyness, below room temperatuie at reduced piessuie In 
each case approximately 2 ml of ether were added to the lesidue The 
ether solutions were transferred to small weighed platinum cioieibles and 
evaporated to diyness The residues were then igmted at led heat for 
approximately 20 minutes The residual ash was white and in each case 
weighed 0 12 ± 0 008 mg Water failed to dissolve the ash A little 
hydrochloric acid was added and, the lesulting solutions weie tiansfeired 
to volumetric flasks and made up to 15 ml 

In order to detennine w hethei oi not the ash from chlorophv 11 d con 
tamed magnesium, the solutions were analjzed colonmetncalh" for 
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magnesium, with Titan yellou or p-nitrobenzeneazo-a-naphthol as reagents 
(12) 'With both reagents, sodium C 3 mnide was used to reduce possible 
color ciuenching bi other metals In everj case the blank, the standard, 
and the test ■solutions weie made up to 10 ml and measured spectrophoto- 
mctiicalh (at 535 iii/j for Titan j'cllow and at 650 mp for p-mtrobenzeneazo- 
a-naphthol) Four aliquots from the solution prepared from one sample of 
ash weic anal 3 'zed with Titan 3 ellow and gave values of 0115, 0 095, 
0 1 10, and 0 102 mg , respectivel 3 ' (average 0 106 mg ), for the magnesium 
oxide content of the ash For the other preparation of ash, thiee deteimm- 
ations wath Titan yellow ga\o \alues of 0 097, 0 119, and 0 113 mg , re- 
spectivel 3 ', two determinations wath p nitrobenzeneazo-a-naphthol gave 
\alucs of 0 109 and 0 105 mg The average for these last five deteimma- 
tions was 0 109 mg Considering the ver 3 ' small quantities involved, these 
aveiage values foi magnesia content are in 6 atisfactor 3 " agreement wath 
the total weights of the ash (0 12 rb 0 008 mg m each case) 

Because of the specificit 3 ’^ of Titan 3 mllow, and because the two colori- 
metiic leagents gave results agreeing with each other and also wath the 
weights of ash, it ma 3 ' be concluded that the metal constituent of the 
chloroph 3 'll d molecule is magnesium 
Isomcmalton of Chloroplnjll d — Chloroph 3 'll d dissolved m methanol 
ind allowed to stand in the dark, either m the presence oi absence of oxygen, 
undeigoes alteration, with an absoiption band at 661 mp gradually be- 
coming [iiominent (see Fig 4) Tins change in spectrum has been found 
to i&siilt fiom isomeiizatioii of chloioph 3 dl d 
In i tvpical cxpciimcnt, a chlorophyll d solution, after standing for 9 
da\s, was tiansfeired to petroleum ethei, adsorbed on sugar, and washed 
wath petroleum ether containing 0 5 per cent n-propanol and 0 5 pei cent 
dimeth 3 laniline Instead of the original single zone, at least three oi 
foui bands wcie visible on the column (see Fig 5) Topmost, except 
for tiaces of one oi two strongly adsorbed pigments, was the gieen band 
of chloioph 3 ll d Below this and well separated from the d band were 
two adjacent bands incompletely separated from each other, the uppei 
veJlow -green zone merging into a lower blue-green zone Farthei dowai 
on the column w as a single, pale, blue-green band 

Vftei the pigments from the two lowei bands weie eluted separately 
and heated, oi allowed to stand in methanol for a few da 3 'S, each was 
converted into a mixture of the four pigments previously observed to 
arise from chlorophyll d 3 he second green band (second from the top 
of the column. Fig 5) was not obtained in sufficient purity foi a critical 
test, but piobably it too was conveitecl into a similar mixtuie This 
behav'ior, as well as evidence piesented in subsequent sections, indicates 
that these four pigments probably are mterconveitible isomers The 
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Bame senes of pigments was formed by heatmg a methanol solution of 
chlorophyll d in a sealed evacuated tube at 80-82® for 2 hours For the 



Fio 6 Separation of chlorophyll d and its isomers on pon dered sugar after n ash 
ing with petroleum ether containing 0 5 per cent n-propanol and 0 5 per cent dimetbyl- 
amline The wave-length values are those of the principal absorption maxims for 
the pigments dissolved in methanol 
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Fig 6 Isomenration and other reactions of chlorophyll d and chlorophyll o 
The wa\e length values are those of the pnncipal absorption maxima for products 
of alkali treatment dissoh ed in methanol plus potassium hydroxide, and for produc a 
of acid treatment dissolved in ether 


three isomere adsorbed in succession below chlorophjll d on sugar coiui^i 
we propose the names chlorophyll d', tsochlorophyll d, and tsochlorophy 
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spectivel 3 ', two determinations wath p nitrobenzeneazo-a-naphthol gave 
\alucs of 0 109 and 0 105 mg The average for these last five deteimma- 
tions was 0 109 mg Considering the ver 3 '^ small quantities involved, these 
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the total weights of the ash (0 12 rfc 0 008 mg m each case) 

Because of the specificit 3 ’^ of Titan 3 mllow, and because the two colori- 
metiic leagents gave results agreeing with each other and also wath the 
weights of ash, it ma 3 ' be concluded that the metal constituent of the 
chloroph 3 ’ll d molecule is magnesium 
Isomcmahon of ChhrophjU d — Chloroph 3 dl d dissolved m methanol 
ind allowed to stand in the dark, either m the presence oi absence of oxygen, 
undeigoes alteration, with an absoiption band at 661 mp gradually be- 
coming [iiominent (see Fig 4) Tins change in spectrum has been found 
to la'sult fioni i^omeiizatioii of chloioph 3 dl d 
Tn i tvpical cxpciimcnt, a chlorophyll d solution, after standing for 9 
da\s, was tiansfeired to petroleum ethei, adsorbed on sugar, and washed 
wath petroleum ether containing 0 5 per cent n-propanol and 0 5 pei cent 
dimeth 3 laniline Instead of the original single zone, at least three oi 
foui bands wcie visible on the column (see Fig 5) Topmost, except 
for tiaces of one oi two strongly adsorbed pigments, was the gieen band 
of chloioph 3 ll d Below this and well separated from the d band were 
two adjacent bands incompletely separated from each other, the uppei 
vellow -green zone merging into a lower blue-green zone Farthei dowai 
on the column w as a single, pale, blue-green band 

Vftei the pigments from the two lowei bands weie eluted separately 
and heated, oi allowed to stand in methanol for a few da 3 'S, each was 
conv erted into a mixture of the four pigments previously observed to 
arise from chlorophyll d 3 he second green band (second from the top 
of the column. Fig 5) was not obtained in sufficient purit 3 ’’ foi a critical 
test, but piobably it too was conveited into a similar mixtuie This 
behav'ior, as well as evidence piesented in subsequent sections, indicates 
that these four pigments probably are interconveitible isomers The 
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of isochlorophyll d' is nearly identical mth that of isochlorophyll d, except 
for a shift of about 0 5 mii toward longer wave-lengths (Pig 8) Absorp 
tion measurements of an impure preparation of chlorophyll d' indicate 
that its spectrum bears a similar relation to the spectrum of chlorophjll d 
(Fig 8) This figure also shows that the spectrum of chlorophyll a', an 
isomer of chlorophjdl a (11), is similarly related to the spectrum of chloro- 
phyll a 

Chlorophyll d adsoibed on columns of powdered sugar was isomenzed 
slowlj'’ When the chloiophjdl d band ivas washed with petroleum ether 
contaimng 0 5 per cent n-propanol, the diffuse loiver portion of the band 
contamed small quantities of isochlorophyll d, as mdicated by spectro 
photometiic examination This was the prmcipal reason for discarding 
the loivei poition of the chlorophyll d band m the course of the prepaia- 
tion and purification of chlorophyll d 

The precise equilibrium was not determined for mixtures of chlorophyll 
d, chlorophyll d', isochlorophyll d, and isochlorophyll d' Fig 4 gi\ es some 
indication of the amounts of the chloiophyll d and isochlorophyll d isomers 
under conditions approaching equilibrium It was obsened that inter 
conversion of chlorophylls d and d' and of isochloiophyll d and isochloro 
phyll d' was more lapid than the mterconversion of chlorophyll d and 
isochlorophyll d Under conditions near equilibrium, the concentration of 
chloiophyll d was peihaps 4 times that of chlorophyll d' A similar 
latio was obscived for mixtuies of isochlorophyll d and isochloiophyll d' 

Because of its similarity to chlorophydl a, isochlorophyll d, eicn m 
fai ly large quantities, could easily be overlooked upon spectroscopii m 
chromatogiaphic examination of fresh methanol extracts of led alga 
However, a careful examination of extracts and chromatogiams prepmed 
lapidly from Gtgarlina agardhn and fiom ErythrophyU m dclcs^crimdt'^ 
indicated that little oi no isochlorophyll d was present Ex idently isom 
enzation of chlorophyll d to isochlorophyll d does not occvii uppieciabb 


in the living orgamsms 

Pheophyhns from Chlorophyll d and Isochloi ophyll d— Depending upon 
the treatment, chlorophyll d yields either oi both of tw o intercom ertible 
pheophytins (see Fig 6) For preparation of the moie labile plieophx tin, 
a methanol solution of chlorophyll d was cooled to —80 and treated "it i 
hydrochloric acid dissolved m methanol Aftei 12 minutes the solution 
was neutralized with cold dimethylanihne which had been dissolved m a 
mixture of methanol and petroleum ether The pigment mixture was 
wanned to room temperature and immediately transferied to petroleum 
ether (When permitted to stand at room tempeiatuie, particular) 
,n the presence of light, pheophytm solutions m methanol contmw g 
considerable quantities of dimethvdanihne and w ater freqiien \ < ev 
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a deep purple-ied coloi, due presumably to alteration of the dimethjl- 
aniline ) The petroleum ethei solution of pheophytin was washed ssith 
siatei and then adsorbed on powdered sugar After development of the 
chromatogram with peti oleum ether containing 0 1 per cent n-propanol 
and 0 5 per cent dmieth 3 danilme the pi incipal band consisted of a j'ellow - 
browTi pigment, pheophytin d, which was less adsorbed than the oiiginal 
chloiophjdl d Below this band of pheophytin d there were traces of a 
gray band wdiich lesembled pheophytin a Identical results weie obtained 
in another prepaiation in svhich all steps piior to adsorption weie carried 
out in an atmosphere of hydrogen The absorption spectrum of pheophy- 
tin d in methanol is shosvn m Fig 9 Since the pigment was somewhat 
unstable, the absoiption curve is probabl}' not highly accurate 

Chlorophyll d, treated at room temperature with hydrochloric acid 
in methanol and then neutralized wnth dimethjlanilme, was tiansformed 
principally into the gray pigment which had been produced in traces 
by fhe low' temperature treatment In this case, only tiaces of the broivn 
pheophytin d were observed We propose the name isophcophylin d for 
this graj' pigment The absorption spectrum of isopheophytm d in 
methanol is showm in Fig 9 Isopheophytm d, like pheophytin a, forms 
a purple gray solution m methanol and a deep blue solution m methanol 
contaimng h 3 'drochloric acid 

Isochlorophyll d treated with acid, either at 20° or at —80°, was con- 
leited almost entirel 3 ' into the gra 3 '’ isopheophytm d 

Pheophytin d in methanol, when reacidified at loom tempeiatuie and 
subsequently neutralized with dimethylanihne, was transformed almost 
completely into the gra 3 '’ isopheoph 3 'tin d lsopheoph 3 i;in d was not re- 
converted into pheophytin d when allowed to stand in acid solution at 
—80° for 90 minutes 

Adsorption of a dried prepaiation of isopheophytm d which had stood 
in the dark in an evacuated desiccator for 2 weeks showed that the pig- 
ment had been tiansformed in part to the brown pheophytin d A faint 
giay band, presumably isophcophylin d', was also obseiwed just below 
the pimcipal giay band of isopheophytm d 

Preparations of pheophytin d were much less stable than those of iso- 
pheophytin d Pheophytin d was readily transformed, upon standing, 
into a mixture contaimng isopheoph 3 d;in d A pheophytin corresponding 
to chlorophyll d' was not observed, but limited material precluded an 
adequate seaicli foi the hypothetical pheophytin d' 

To permit a comparison of the properties of isopheophytm d with 
pheophytin a, chloiophyll a was converted at room temperature into 
pheophytin a by the procedure described above The absorption spectrum 
of pheophytin a m methanol is shown in Fig 10, together wnth that of 
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isopheophjtm d The spectra of pheophytin o and isopheophtyin d are 
remarkably similar, beaimg the same relation to each other as the spectra 
of chlorophyll a and iso chlorophyll d {Fig 7) The curves for pheophytm 
a and isopheophytm d nere very closely reproducible for different prepara- 
tions of the pigments Adsorbabihties of pheophytm a and isopheophjdm 
d were compared on a column of powdered sugar, 1 X 12 cm The pig- 
ments Here washed through the column ivith petroleum ether containing 
0 1 per cent n-propanol, but no separation occurred Evidently their 
adsorbabdities aie remarkably similar Despite the similarity of their 
absorption spectra and adsorbabdities, these tno pigments are readily 
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Fig 9 Absorption curve for isopheophytm d (dots) nnd approximate absorption 
curve for pheophytm d (circles) Solvent, methanol 

Fig 10 Absorption curves for pheophytm a (circles) and isopheophytm d (line) 
Solvent, methanol 

distinguishable by their leactions with Gngnard’s leagent and with 
alkali and acid 

Addition of Magnesium to Isopheophytm d and to Pheophyitm d and a— 
klethylmagnesium iodide dissolved m di-y ethei was added dropwnse from 
a graduated pipette to a drjr ether solution of isopheoph37tm d Upon 
the appearance of a green color, an additional amount of the Gngnard’s 
Toagent, equivalent to 3 times the oiiginal quantity, was added Mia 
4 mmutes, an excess of cool 10 per cent sodium dih 3 '-drogen phosphate 
soMm was added The ether layer containing most of the pigment 
was separated and the aqueous layer was extracted again wnth additional 
ether The combined ether extracts were washed wuth w-ater and evapo 
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rated nearly to dryness below room temperature at reduced pressure 
Petroleum ether was then added and the resulting solution adsorbed on 
powdered sugar and washed ivith petroleum ether contaming 0 5 per cent 
n-propanol and 0 5 per cent dimethylamhne Six or more green or blue- 
green bands were visible on the column The pnncipal band was iso- 
chlorophyll d The absorption spectrum for such a preparation is shoum 
m Fig 7 Little or no chlorophyll d or d' was formed directly from iso- 
pheophytin d, but both pigments were produced slowly by isomenzation 
of the regenerated isochlorophyll d 

Pheophytin d treated in the same way ivith Gngnard’s reagent gave 
only very small yields of green or blue-green pigments Little or no 
chlorophyll d or isochlorophyll d was formed Considerable quantities 
of isopheoph 3 rtin d were formed A much more strongly adsorbed gray 
pigment vas also formed (X„„, 659 m;t in methanol) This pigment, 
recovered and treated with Gngnard’s reagent, yielded a strongly adsorbed 
green pigment (Xmii, 658 m/i in methanol) nhich was also found among 
the products foimed by action of Gngnard’s reagent on isopheophytm 
d and on pheophytm d Treatment of this strongly adsorbed green pig- 
ment with hydrochlonc acid m methanol regenerated the stronglj' adsorbed 
gray pheophytin The relation of this pheophytm to the other pheophjdins 
descnbed here is not clear 

Pheophytm a reacted with Gngnard’s reagent m a manner very similar 
to isopheophytm d, at least six or seven blue-green bands being observed 
on adsorption columns Chlorophyll a was the principal product but 
constituted less than half of the total pigment mixture Most of the 
products were adsorbed above chlorophyll o, which they resembled mth 
respect to the wave-lengths of their absorption maxima Formation of 
sexeral chlorophyll a-hke products, with a comparatively low jueld of 
chlorophyll a, is m contrast with the report by earher investigators of a 
yield of 0 8 gm of chlorophyll a from 1 0 gm of pheophytm a (13J 

Effect of Allah on Chlorophyll and Pheophytin Isomers — Fig 6 gi\es 
the position of the pnncipal absorption maximum m the red region of the 
spectrum for products formed by alkali treatment and subsequent acid 
treatment of chlorophj'll d, isochlorophyll d, pheophjdm d, and isopheo- 
phytin d For companson, data for chlorophyll a and pheoph}'tm a are 
also included in Fig 6 To avoid confusion, secondary maxima are not 
recorded 

For each pigment the followmg procedure was used A solution of the 
chlorophyll or pheophytin m methanol was treated with 2 gm of potassium 
hydroxide dissolved in methanol The wavm-length of the pnncipal 
absorption maximum in the red region of the spectrum for the resulting 
solution w'as determmed with a Bausch and Lomb visual spectrophotometer 
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(see Fig 6) This solution w as then treated %iath an excess of glacial acetic 
acid Ethel uas added and the pigments transferred to the ether bj 
addition of 10 per cent sodium chloride solution The ether layer uas 
separated, i\ ashed sevei al times ii ith u ater, and the position of the pnncipal 
absorption ma\imura again obseii'ed 1 or 2 ml of concentrated HCl 
were then added to the ether and thoroughlj mixed Tins treatment 
removed most of the pigment from the ether layer \ftei about 5 minutes 
the pigment nas retransferred to the ethei by the addition of large quanti- 
ties of sodium chloride solution The ether solution uas then \\ ashed 
thoroughly vath uater and the position of the piincipal absorption maxi 
mum agam observed It should be noted that in the last tvo cases the 
positions of the absoiption maxima listed m Fig 6 uere determined m 
ether, vhile the determination for the fiist product of the alkali treatment 
was made in methanol solution contaming potassium hj dioxide 
From Fig 6 it may be seen that, although the intermediate products 
hvere different in each case, the final pioduct of this senes of treatments 
Appeared to be the same for chloiophj 11 d and its dein atn es, so far as the 
position of the absorption maximum maj be regarded as an indication 
of identitj None of these products was examined chromatographicallj 
By contrast, the difference between the isochloroph}'!! d senes and the 
chloroph 3 dl a senes was accentuated, lather than diminished, in the 
final products formed bj^ alkali and acid 

DISCUSSION 

In naming chioroph}!! d and its dematnes, we haie endeaioied to use 
a system in haimonj'^ with the accepted nomenclatuie of the chlorophjlK 
The stiaicture of chloiophj 11 d is obviously i elated to that of chloiophjdl a 
Extension of the term chlorophjdl to such related green pigments appears 
logical and desuable 

In naming the isomere of chlorophjll d, it appealed desuable to retain 
the letter d as part of the designation Numerals, either as subsenpts oi 
suffixes, were avoided, since they have been emplojed, in the case of 
chlorophjdls a and b, to identifj other types of products (14, 15) Hie 
use of the pnme designation (chloropln II d'), foi an isomer wath an absorp 
tion spectrum only shghtlj' different fiom that of the patent substance, 

IS m harmonv with the designation foi the coiaesponding isomers of cliloro 
phjlls a and b (11) For an isomer with an absoiption spectram gieath 
different fiom that of the paient substance, the prefix iso (isochloiophvll d) 
senes to gn e a distinguishmg name while indicating the isomeric i elation 
to the original pigment hloreover, the prime designation combine! 
wath the prefix (isochlorophyll d') then denotes a compound apparent)! 
related to nochloi ophyll d m a mannei coiTesponding to the relation of 
ehloiophyW d' to chloiophyll d 
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Extension of this S3"stem of nomenclature to the pheophytins of chloro- 
phyll d and its isomers pi ox ides a convement means of indicating analogous 
relationships between the isomeric pheophytins 
The staking similarities between isochlorophyll d and chloiophyll a, 
and beta eon isopheophytm d and pheophytm a, both m physical properties 
and in chemical behavioi , indicate that the molecular structures are very 
similar So far as the chromophoiic gioups are concerned, the a and iso-d 
senes of compounds must lesemble each other much more closely than 
either lesembles the b senes The adsorbabihties of chloiophyll a and 
isochloiophjdl d are also very similar Nevertheless, the difference m 
stiuctiiie IS sufficient so that the iso-d compounds are readily and reversibly 
converted to another series (the d senes) which, at least superficially. 



Fig H Relative proportions of light absorbed by chlorophylls o and d in a me- 
thanol extract of Erylhrophyllum delessertotdcs Absorption by red and jellon 
pigments is not considered in the calculation 

is> xeiy diffeient fiom anj' product of chlorophyll a thus far observed 
Fuitheimoie, the a and iso d senes diffei markedly m their reaction to 
siiccessixe tieatment vith alkali and acid (see Fig 6) 

The occunence of chloiophyll d in led algae, together ivath the probable 
absence of chloiophxlls b and c, is furthei evidence for the remoteness of 
any phylogenetic connection (9) between this large group of plants and 
most of the other gioups of photosjmthetic orgamsms 
The relative amounts of light absorbed bj chlorophjll d and chloiophyll 
a m a methanol extiact of Erylhrophyllum dekssenoidcs are shown in Fig 11 
If a similai relation prex ails in the Iixung organism, the large fraction of 
light absorbed bj^ chloiophjdl d at wave-lengths bex'ond 690 nip max be of 
iRajoi sigmficance to the plant Neither ph} coeix thrin nor the caro- 
tenoids absoib appreciably at these wax'e-lengths An investigation of 
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photosynthesis in Erythrophyllum m monochromatic red light should 
yield a clear cut answer regarding the photosynthetic effectiveness of 
chlorophyll d If the hght of long wave-lengths which is absorbed by this 
pigment can be utilized m photosynthesis, the presence of chlorophyll d 
must extend by at least 30 ma the range of light utilized by plants in this 
fundamental process The mimmum energy per photon required to brmg 
about the photochemical reaction (oi reactions) in photosynthesis would 
accordingly be i educed by about 4 per cent 

Since watei absorbs red light much more intensely than light of shorter 
wave-lengths, chlorophyll d in led algae can contribute little to absorption 
of red light except for plants growing near the surface Brown algae 
(and other plants) are relatively transparent to light absorbed readily by 
chlorophyll d Hence, for many red algae which grow on reefs m shallow 
water and which are shaded to a considerable extent by brown algae, 
light absorbed bv chlorophyll d may amount to an appreciable fraction 
of the total energy available for photosynthesis 

SUMMARY 

Vanous species of led algae contain, in addition to chlorophyll a, a 
second, gieen, magnesium-contaimng pigment, chlorophyll d Neither 
chlorophyll b nor chlorophyll c was found m these algae 

Chlorophyll d was most easily prepared by adsorption of the pigments 
obtained by paitial extinction of Gtgarhna agardhtt Maximum light 
absorption by chlorophyll d occurs at a wave-length longer than that 
of the maximum of chlorophyll a, in methanol, maximum absorption for 
chlorophyll d is at 696 m^, compaied uith 665 m^i foi chlorophyll o Ab 
soiption at long wave-lengths by chloroph}'!! d may extend bv 30 ma 
the lange of light utilized m photosynthesis 

Chlorophyll d was conveited, lapidly upon heating oi slowly at room 
tempeiatuie, into a mixtuie containing thiee isomers in addition to tiii- 
alteied chlorophyll d One of these isomers, chlorophyll d', has an ab 
sorption spectrum veiy similar to that of chlorophyll d, whereas the 
other two isomers, isochloroph}!! d and isochlorophyll d', have spectra 
lesembling the spectrum of chlorophyll a The isomers were found to be 
reconveitible to chlorophyll d 

Tieatment of chloiophyll d with acid removed the magnesium and 
formed a mcxtuie of two intei convertible pheophytins At -80°, treat- 
ment with acid produced principally the labile yellow-broira pheophytm d 
At room temperature, gray isopheophytin d was the principal product 
Pheophytm d was rapidly converted to isopheophytm d when treated 
with acid at room temperature Treatment of isochlorophyli d mth acid, 
either at room temperature oi at -80°, produced isopheophytm d Iso 
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pheophytm d is remarkably similar to pheophytm a in its absorption 
spectrum and in its adsorbability on powdered sugar Treatment of 
isopheophytm d with Gngnard’s reagent produced isochlorophyll d but 
little or no chloiophjdl d Neither chlorophyll d nor isochlorophyll d was 
formed by treatment of pheophytm d with Gngnard’s reagent 
When chloroph}!! d and its isomers were treated successively ivith 
alkali and acid, the same final product was formed in each case Chloro- 
phjdl a treated in the same manner yielded a product distinctly different 
from the chlorophjll d product 

We are indebted to the other membeis of the Division of Plant Biology 
foi invaluable discussion and advice 
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In 1936 glucose-l-phosphate was isolated from mmced and Mashed fiog 
muscle M'hich had been incubated in phosphate bufter with tiaces of 
adenylic acid (1) It was shown that the estei ivas formed from glycogen 
by the reaction, gl 3 'cogen + inorganic phosphate — » gIucose-1 -phosphate 
The enzjTOe Mhich catalyzed this reaction was called phosphorylase, 
Its presence in mamniahan tissues (muscle, heart, brain, liver) and in yeast 
was demonstrated (2), phosphorydase was shown to play an important 
role in the formation of blood sugai m the liver (3) 

In 1939 the reversibility of the reaction ivas shown for y'east phosphoryl- 
ase by ICiesshng (4) and for the mammalian phosphorylases bv Con, 
Schmidt, and Coii (5) In 1940 Hanes (6) described the presence of 
phosphorylase in peas and potatoes 
The polysaccharide symthesized by muscle phosphorydase resembles the 
amylose fraction of natuial starch (7), while the enzy'mes from the othei 
mammahan tissues (8) and from yeast (9) form a poly'sacchaiide w’hich 
resembles glycogen Potato phosphorylase synthesizes a polysaccharide 
which resembles amydose (10) Con and Con (11) showed that phos- 
phorylases of mammalian ongin require the presence of polysaccharide for 
polysaccharide synthesis, and this was confirmed by Hanes (12) for plant 
phosphorydase His claim that maltose could be substituted foi polysac- 
charide was not confirmed by Green and Stumpf (13) nor by work done in 
this laboratory, when care was taken to free the maltose of poly^sacchande 
impunties 

Con, Colowick, and Con (14) found that phosphorylases derived from 
vertebrate tissues required the addition of adenylic acid as coenzymie, while 
y'east (9) and potato (13) phosphoiydases were shown to be actne in the 
absence of added adenydic acid Reducing agents (glutathione, cy steme, 
KCN) were shown to increase the acti%nty of muscle jihosphorvlase (15), 
w'hile they are without effect on potato phosphoiylase (13) 

The cry'stallization of muscle phosphoi i lase w as announced m a pre- 

* This work was supported by a grant from the Rockefeller Foundation 
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CRISTALLINE PHOSPRORl EASE PREPARATION 


hmuiary note (16) The present paper deals with the method of prepara- 
tion of the civstalhne enzyme and some of its properties 


EXPERIMENTAL 


Prcparalton of Cujstalhne Phosphorylase—'WeH fed rabbits are anesthe 
tized by intiavenous injection of pentobarbital and bled Muscles of the 
back and legs are removed as rapidly and with as little stimulation as 
possible All further steps are cai ned out m a cold room The muscles are 
passed twice through a meat gnnder, and extracted twice vith an equal 
volume of ice-cold v ater The water is stirred into the ground muscle and 
allowed to stand for about 10 minutes The extract is stramed off through 
gauze, filtered through cotton, and then through coarse filter paper 

The extract is adjusted to pH 6 0 to 6 2 mth dilute HCl and ialyzed in 
cellophane tubes (Visking casings, diameter I 5 mches) against running cold 
V ater (5-10°) for 3 hours It is then removed from the sacs and the pH 
brought to 5 8 to 5 9 with 0 03 n HCl The pH is controlled with a glass 
electrode An isoelectric precipitate forms which flocculates readil) 
and settles rapidly on standmg if the pH has been properly adjusted The 
complete removal of this precipitate by centrifugation and filtration is an 
essential step m the method 

After neutralization of the perfectlj'- clear supernatant fluid by the addi 
tion of about 1 gm of sodium /5-glycerophosphate per 100 cc of solution, 
0 7 volume of ammomum sulfate solution saturated at room temperature 
IS added to make the final solution 41 per cent saturated (1 68 m) The 
ammomum sulfate should be neutral and the final pH 6 8 A relatively 
small quantity of precipitate forms which settles out oiemight Aftei 
as much fluid as possible is decanted, this precipitate is collected by centri- 
fugation Centrifugation must be contmued until the precipitate is well 
packed 25 to 33 per cent of the protein in this precipitate is phos- 


phorylase 

The ammomum sulfate precipitate obtained horn the muscles of one 
labbit IS suspended m about 10 cc of water and dialyzed against cold 
nmmng water for 1 to 2 hours, dunng which time the proteins go into solu 
tion Dialj^sis is contmued against several changes of glycerophosphate 
cysteine buffer of pH 6 8 (1 cc of 0 3 m cysteine hydrochloride plus 39 cc 
of 1 per cent sodium glycerophosphate) The cylinder contaimng the 
dialyzmg bag and buffer solution is set m an ice bath Crystals appear 
m a few hours or overmght, even when traces of ammomum sulfate are 
still present m the enzyme solution If the phosphorylase content of this 
solution IS very high, or if dialysis against water has been prolonged until 
protein begins to precipitate, this first precipitate may be amorphous, 
but reprecipitation m the following manner always yields crystals 
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The crj'stals are centrifuged off m the cold and quicklj" dissolved at 
30-35° in a solution of 0 03 m cysteine hydrochloride and 1 per cent sodium 
glycerophosphate (0 03 m) adjusted to pH 6 8 Insoluble material (which 
consists partly of cystine crj'stals) is centrifuged off and the clear solution 
transferred to an ice bath, whereupon phosphoiylase cr 3 ’’stals reappear, 
usually within 30 nunutes This alternate solution and crystallization by 
means of temperature changes may be repeated a number of times with- 
out undue loss of material 

In place of gtycerophosphate, 0 03 m KCl ma}' be used Cysteine has 
the advantage of making the enzyme protein soluble in the presence of low 



concentrations of neutral salt, a condition which favors crystallization 
Solutions contaimng 1 per cent or more of enzyme protein at 25° ma 3 ' be 
prepared in the presence of cysteine The enzyme can be recrystalhzed 
from 0 5 to 1 M KCl solutions in the absence of cjsteine, but its solubihtj 
even at this salt concentration is verj' low 
^Tien crystallized from a concentrated solution, the crjstals are small, 
sharp pointed needles which ma}’’ appear as rosettes This is the form 
^hich usualtj' appears upon first crj^stallization Upon slower cnstalliza- 
tion from a more dilute solution, long blunt edged needles are formed, 
havmg the appearance shown in Fig 1 

Yteld and Degree of Purification — The effectii eness of the different steps 
of the preparation is illustrated in Table I In the dial} zed crude e\tract 
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crystallike phosphorylase preparation 


the phosphoi-ylase protein constitutes about 2 per cent of the total protein ^ 
The isoelectric piecipitation removes about 11 per cent of the protein 
with relatively little loss of phosphorylase activity In this step an enzjTne 
IS removed u hich u ould othermse act on phosphorylase in later stages of 
the preparation and com ert it into a form which does not crystallize under 
the above conditions 


Table 1 


Sample Protocol of pTcparalion of Cryalalltne Rabbit Muscle Phosphorylase 
Preparation 69 The amount of phosphorylase protein present i\as calculated 
from activity measurements, as described in the text 



Total 

protein 

1 Phosphorylase protein 



mg 

mg 

per cent 

1 

210 gm back muscle extracted twice with 210 cc 
H 0, filtered extract pH 6 5, 300 cc 

4780 



2 

Acidified with dilute HCl to pH 6 15 and dialyzed 
3 hrs , 325 cc 

4400 

86 

2 

3 

Acidified with dilute HCl to pH 5 85 and isoelec 
trie ppt removed, 313 cc 

3910 

71 

2 

4 

Pptd with 41% saturated (NH<) SOi in 1% gly- 
cerophosphate buffer, pH 6 8, ppt suspended in 

H 0 and dialyzed, 8 cc 

147 

58 

39 

5 

Dialyzed against glycerophosphate cysteine buf 
fer, pH 6 8, crystals centrifuged off and dissolved 
in buffer, 3 7 cc 

58 

52 

1 

90 

6 

Mother liquor, 6 9 Cv 

85 

5 

6 

7 

Muscle residue of (1) extracted with 210 cc 1% 
sodium glycerophosphate, extract pH 6 7, 200 cc 

1310 

13 

1 

S 

Muscle residue of (7) extracted with 210 cc 1% 
sodium glycerophosphate, extract pH 7, 216 cc 

696 

13 

2 

9 

Total yield of phosphorylase in 4 extractions 


112 


10 

Phosphorylase per 100 gm muscle 


53 



The mam step uhich leads to concentration and punfication ' of the 
enzyme is the precipitation with 41 per cent saturated ammomum sulfate 
In this step over 90 per cent of other proteins is discarded in the supernatant 


' The dialyzed crude extract can be diluted 50 times with 0 015 m cysteine for ac 
tmty determinations In this dilution phosphoglucomutase (17) does not interfere, 
because the Mg'^ ion concentration is too low to activate the enzyme The caleula 
tion of the amount of phosphorylase protein present is based on the activity of the 
pure enzyme which corresponds to 3500 umts per mg The activity tests are de 
Bcnbed in Paper III of this senes Protein was determined by the method of 
son and Hogden (18) A serum protein solution, analyzed by the micro Kjelda 
method, was used ns standard and was checked against a phosphorjlase solu 
tion of known protein content The phosphorylase protein contains 15 9 per cent 


nitrogen 
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fluid, -while the piecipitate consists of about one-third pure phosphorylase 
One crj'stalhzation raises the level of purity to about 90 per cent vith only 
a small loss of enzyme in the mother liquor In Preparation 69, Table I, 
86 mg of phosphorylase were present in the crude extract, of which 52 mg 
or 60 per cent was recovered in the crystals 
The extraction of phosphorylase from muscle with 2 volumes of w ater 
18 incomplete 'A third and fourth extraction of the muscle lesidue mth 1 
per cent glycerophosphate yields additional enzjme, as shown m Table I 
Under the assumption that the foui extractions were exhaustive, the back 
muscles contained 53 mg of phosphorylase per 100 gm of muscle The 
leg muscles of the same ammal contained 75 mg of phosphorylase pei 100 
gm of muscle The amount of enzyme present m the muscles of different 

Table II 

Effect of Successive Crystallizations 

Preparation 16 Upon each recrystallization the ciystals acre dissolved m a 
volume of buffer solution to give about the same concentration of protein per cc 


Crystalh 
nation No 

1 Protein 

per cc 

1 Activit> per mg protem 

Activity without added 
adeoylic acid 


Costals 

Mother Itquor 

Cry stab 

MoOier liquor 

Crystals 

Mother liquor 


mg 

mg 

unt/s 

untfs* 

Per cenl 

per cent 

ot 

11 

3 

850 

50 

1 

4 6 

9 6 

3070 

300 

55 

51 

2 

4 9 

1 5 

3140 j 

1460 

57 

54 

3 

4 2 

0 8 

3180 

2350 

59 

57 

4 

4 3 

0 4 

3570 

2860 

60 

60 


* Units are in terms of a first order reaction constant, as described in Paper III 
t Dissolved and dialyzed ammonium sulfate precipitate 


rabbits vanes by as much as 100 per cent In four consecutive prepara- 
tions the values were 81, 59, 40, and 62 mg of phosphorylase per 100 gm 
of muscle The muscles of well fed rabbits seem to contain more enzyme 
than those of fasted rabbits 

The punfication achieved by the first and by successive crystallizations 
IS illustrated in Table II The first crystalhzation increased the activity 
of the enzyme from 850 to 3070 units per mg of protein, w hich corresponds 
to a change of purity level from 24 to 86 per cent After three to four 
recrystalhzations, the activity per mg of piotem remains constant within 
the limit of error of the method of testing 

The activity per mg of protein of the mother liquor of the first crystals 
IS very low With each recrystalhzation, the punt}^ lei el of the mother 
liquors nses until it approaches that of the crj'stals The amount of 
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protein remaining in the mothei liquors diminishes mth each recrystalhza- 
tion until a stage is reached where the mother liquoi contains dissolved 
enzj^me piotem only 

The last t\\ o columns of Table II show the activity of the enzj'me w ithoiit 
added adenylic acid, the activity m the presence of an optimal amount of 
adenylic acid being taken as 100 On an aveiage, phosphonhse aftei 
seveial leciystallizations has 60 to 70 per cent of the actnitv obtained in 
the piesence of adenylic acid Phosphor^dase can be obtained in anotliei 
foim winch IS inactive without addition of adenylic acid and which does 
not crvstallize undei the above conditions This foim predomimles when 



Fio 2 Effect of cvsteine and glutathione (GSH) on solubility of crjstallinc plios 
phorylase at pH 6 8 KCl was added, as necessary, to make all solutions 01 m with 
respect to total salt concentration 

the isoelectric precipitate at pH 5 8 (step (3) m Table I) is not removed 
The sigmficance of these findings will be discussed in Papei II of this senes 
Effect of Cysteine on Solithihly — ^Reducing agents (cysteine > glu- 
tathione > KCN) markedly inciease the solubihty of crj^stalline muscle 
phosphorylase The high temperature coefficient of solubility in the 
presence of cysteme is made use of in the crystallization of the enzyme 
In Fig 2 IS show n an example of the effect of cy'steine on solubility at 
two different tempeiatures and of glutathione at one temperature In 
order to free the crystals of cysteme, they were washed repeatedly with 
ice-cold 0 03 m KCl in the centrifuge To equal amounts of washed and 
drained crystals w'as added the same volume of solutions (pH 6 8) con 
taimng diffeient concentrations of reducing agent and enough KCl to make 
the total salt concentration 0 1 M m all cases The suspensions were 
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stined fiequentlj ^\ith a glass lod and kept foi 4 houra at 24° or for 20 
hoiu-s at 5° A.ftei this time the undissolved piotein iias centrifuged off 
and the piotein content detei mined in an aliquot of the supernatant fluid 
hi the method of Robinson and Hogden (18) It seems probable that the 
effect of c^ steinc on solubility is related to the state of oxidation oi reduc- 
tion of the enzyme piotein 

tlTien the experiments ueie repeated mth the same oi uith different 
enzyme preparations, the same tjqie of curx'^e ^^as obtained in each case, 
but there uas considerable \ai ration in the total amount of protein dis- 
solved at any given concentration of cysteine (see Fig 2) These ir- 
legulanties in solubility have not been explained and further studies on 
solubility seem indicated 

At constant cjsteine concentiation and pH the solubility of the enzjme 
IS increased \\ith increasing KCl concentrations in the manner character- 
istic of a globulin The protein is so insoluble at low temperatures that so 
far it has not been possible to obtain solutions sufficientl}’^ concentrated 
for deteimination of the migration velocity in the Tisehus apparatus at 
the appropnate pH and ionic strength 

Note on the Molecular Weight of Crystalline Phosphorylase 
Bt J L Onclet 

(From the Department of Physical Chemistry, Hanard Medical School, Boston) 

Solutions of about 0 5 and 0 25 per cent cijstallme phosphoiylase in a 
buffer composed of 1 per cent potassium chloride, 1 per cent sodium gl} - 
cerophosphate, and 0 03 m cj^stemc hydrochloride neutralized to pH 7 
have been used foi measurements of sedimentation and diffusion constants 
At 20° this buffer has a density of 1 0129 and a viscosity relative to watei 
of 1 018 

The sedimentation constants were measured in an air-driien ultia- 
centnfuge (19, 20) equipped mth a modified Philpot schlieren optical 
system (21) The measurements nere made in a cell 1 5 cm high, 1 0 cm 
thick, 11 hose center was 6 5 cm from the axis of rotation A speed of 
54,000 R p M , equivalent to centrifugal forces of fiom 200,000 to 240,000 
times gravity, iias used and the average temperature iias about 24° 
Values of the sedimentation constant have been reduced to the i alue in a 
solvent of the density and viscosity of natei at 20° Obsen ed sedimenta 
tion constants, Sjo„, in 0 5 and 0 25 per cent solution iiere 13 3 and 13 5 
Siedberg units, respective^, vhich nould bj linear extrapolation xield a 
1 alue of about 13 7 at zero concentration A feu per cent of a much slow ei 
moving component (ssow about 4) was obsen ed m the sedimentation 
diagrams of the more concentrated solution 
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The diffusion constant ivas measured in a stainless steel Lamm type of 
diffusion cell ( 22 ), by means of the refractometnc scale method (22) The 
temperature A\as maintained at 25°, and the reported diffusion constant 
values have been reduced to values in -water at 20 ° (D 211 «.) Considerable 
difficulty in photographing the scale was encountered, owing to the forma- 
tion of insoluble cystine Only pictures taken after 625, 1192, and 2036 
minutes could be used in evaluating the diffusion constant, these tune 
intervals being somewhat less than would be used in an ideal experiment 
The cun'es of lefractive index gradient (line displacement) versus distance 
obtained at the twm earlier times were quite sj'mmetncal, but that obtained 
after 2036 minutes was rather skew , the displacements at a given distance 
from the onginal boundary on the solvent side being consistently greater 
This skewness would not appear to be due to the variation of diffusion con- 
stant wnth concentration unless this is much laiger than the variation in 
sedimentation constant It may be due to complications arising from the 
settling of cystine fiom the solution 

Because of these complications, it is difficult to evaluate the diffusion 
constant ivith much accuracy We have draivn the best possible sjm- 
metncal curve through the observed displacements, and calculated diffu- 
sion constants by the method of successive analysis (( 22 ) equation 60), 
using displacement values (X) of 60, 50, 40, 30, 20, and 10 per cent of Xmx 
The average value for the diffusion constant, £> 20 « X 10^, at 625 minutes 
was 3 2o with a mean vanation of 2 0 per cent, at 1192 minutes, 3 85 with a 
mean vanation of 2 4 per cent , and at 2036 minutes, 3 64 with a mean vana- 
tion of 9 e per cent A value for the diffusion constant, Ao « X 10^, be- 
tween 3 2 and 3 8 would appear leasonable from these results 

In the absence of any measurement of partial specific \olume, we have 
taken a value of 0 74 for tentative calculations of molecular weight and 
frictional ratio When this value is combined with the above sedimenta 
tion and diffusion constants, we may estimate molecular weights of between 
400,000 and 340,000, and frictional ratios, ///o, of between I 4 and 1 2 

SUMMARY 

1 The preparation of crystalhne phosphorylase mcludes the following 
procedures extraction of ground rabbit muscle with water, dialysis of the 
extract followed by removal of an isoelectric precipitate at pH 5 8 , pre- 
cipitation mth 17 m ammomum sulfate at pH 6 8 , and dial 5 "sis of the 
dissolved precipitate against a cysteine glycerophosphate buffer at pH 6 8 
and 0° Crystals form after most of the ammonium sulfate has been 
dialyzed out The crystals are separated and dissolved in cysteme glycero 
phosphate buffer at 30° Reciystallization is achieved by coolmg the 
solution to 0 ° 
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2 The enzyme protein constitutes about 2 per cent of the extracted 
proteins About 60 per cent of the extracted phosphorylase is obtained 
in ciystalhne form 

3 Rabbit muscle contains 40 to 80 mg of phosphorjdase protein per 
100 gm 

4 Cysteine greatly increases the solubility of the enzyme m n eak salt 
solutions Glutathione and KCN are less effective 

5 The molecular weight of crystalline rabbit muscle phosphorjdase is 
between 340,000 and 400,000 
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Phosphorylase has been obtained from muscle in two forms as a 
euglobubn, phosphorylase a, which ciystallizes readily and which has 
activity without addition of adenyhc acid, and as a much more soluble 
protein, phosphorylase b, which is mactive without addition of adenyhc 
acid This second form has not yet been crystallized, but has been purified 
so that the best preparations show 90 per cent of the activity of form a 
In Neuberg and Euler’s nomenclature form a would be holophosphorylase, 
form b apophosphorylase 

It ivill be shown in this paper that muscle and other tissues contam an 
enzyme ivhich converts form a to form b by sphttmg off the prosthetic 
group which apparently contains adenyhc acid in combmation mth an as 
yet unidentified molecule This enzyme will be referred to as PR (pros- 
thetic group-removing) enzyme 

EXPERIMENTAL 

The presence of the PR enzyme m muscle was first suspected when it was 
found that a phosphorylase preparation obtamed by direct ammonium 
sulfate precipitation of a water extract of muscle lost activity mthout 
added adenyhc acid ivhen it was kept at room temperature, while the activ- 
ity with added adenyhc acid remained unchanged It was then found that 
the isoelectnc precipitate at pH 5 8 to 5 9, which is descnbed m Paper I, 
contains the PR enzyme If the isoelectric precipitation is for some reason 
incomplete, PR enzyme is mcluded m the ammomum sulfate precipitate 
and will act on phosphorylase durmg the subsequent dialysis, with the result 
that no crystals wall be obtamed It is also clear that the mampulations 
preceding the isoelectnc precipitation must be earned out as speedily as 
possible and that the temperature must be kept low throughout Onlj 
when at least 30 per cent of the phosphoi^dase present m the ammonium 
sulfate precipitate is form a can crystals be obtamed The first crop of 
crystals may be contaminated with the PR enz 3 ane and the preparation 
may be lost w hen recrj'stallization is attempted 

* This work was supported by a grant from the Rockefeller Foundation 
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Attempts to crj'stallize phosphorylase from heart muscle or hver by 
application of the procedure used for skeletal muscle have so far been unsuc- 
cessful, because the change from form a to b occurs so rapidly that it cannot 
be prevented by the methods now used 
Conditions are more favorable m skeletal muscle In Preparations 68 
and 69, Table I, the crude, dialyzed extracts contamed only phosphorylase 
a Table I shows that phosphorylase a is converted to some extent to 

Table I 

Yxeld of Phosphorylase {Form a) from Reshrtp Bach Muscles of Rabbits 
The muscles were extracted with 2 volumes of water and the enzyme was isolated 
as described in Paper I Measurements w ere made on the first crystals and the first 
mother liquor as w ell as on the dialyzed crude extract of the same muscles Phos 
phorylase a has on an average 65 per cent of the activity obtained m the presence 
of optimal amounts of adenylic acid, the percentage of total phosphorylase which is 
form a w as calculated on that basis Phosphorylase b is inactive w ithout addition of 
adenylic acid For description, see the text 


Preparation' 

No 

Activity per mg 
protein with added 
adenylic acid 

Activity Without added 
adeQ> he acid 

Phosphorjlase a + 6 
per 100 ffiu rouseje , 

Phosphorylase o 

Crystals 

Mother 

liquor 

Crystals 

Mother 

liquor 

Crystals 

hfother 

liquor 

Crystals 

Mother 

liquor 


tiRiir 

units* 

per cent 

Per cent 

mt 

mt 

per cent 

per cent 

61 

3070 

290 

51 

27 

36 1 

2 9 

79 

42 

63 

3090 

347 

51 

10 

25 2 

5 7 

79 

16 

65 

2140 

139 

65 

60 

14 7 

1 3 

100 

93 

68 

2650 

252 

44 

30 

18 8 

2 8 

68 

46 

69 

3150 

193 

52 

42 

24 8 

2 2 

80 

66 

68t 

70 

1 64 

37 6 

100 

69t 

91 

65 

41 0 

100 

67t 

115 

10 

48 0 

16 


♦ Units are in terms of a first order reaction constant, ns descnbed m Paper III 
t Dialyzed crude extract 
t Previously stimulated muscle 


phosphorylase h in the course of the preparation of the crystals The con- 
clusion seems to be justified that resting muscle tn mvo contains only 
phosphorylase a 

Preparations made from muscle which had been stimulated electrically 
or by strychnine before excision yield mainly phosphoiylase 6 Only one 
example (Preparation 67) is given in Table I, since the effect of stimulation 
will be discussed in greater detail in a later paper 

Previous ivork (1) earned out in this laboratory was mainly with phos 
phoiylase b, smee most of the preparations were inactive when tested 
ivithout addition of adenylic acid The method of preparation then used 
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did not involve the removal of the PR enzyme and it ivas undoubtedly the 
action of this enzyme and not the dialysis which rendered the preparations 
mactive ivithout addition of adenylic acid 

Phosphorylase a is not converted to phosphoiylase b (that is, the pros- 
thetic group IS not spht off) by dilution, prolonged dialysis, washing of the 
crystals with cold dilute salt solutions, or exposure to the extremes of pH 
(pH 5 7 to 7 5) which the protein mil tolerate mthout inactivation Heat- 
ing for 3 minutes to 52° at pH 6 8 causes almost complete inactix ation of 
the enzyme, but does not lead to a sphttmg off of the prosthetic group in 
that part of the enzyme which survives this treatment These observations 
indicate that the bond between the enzyme protein and the prosthetic 
group IS not easily dissociated 

Enzymatic Removal of Prosthetic Group — The isoelectiic precipitate ob- 
tained at pH 5 8 in the routine preparation of phosphorjdase a was used as 
the source of the PR enzyme The precipitate n as dissolv ed n ith the aid 
of weak KOH and the turbid solution (pH about 7 5) n as frozen Upon 
thawing, a heavy precipitate could be removed, while the clear supernatant 
fluid retained PR activity The PR enzyme ivas also prepai ed from spleen 
by the same method, per unit weight, spleen contained at least 10 times as 
much PR enzyme as muscle The spleen enzyme could be purified bj' 
reprecipitation at pH 5 8 

In the test for the enzymatic removal of the prosthetic group a solution 
of phosphorylase a is incubated with PR or other enzymes at 25° A con- 
trol phosphoiylase solution is incubated and tested under the same condi- 
tions Aliquots are removed at different time intervals and phosphorylase 
activity mth and mthout addition of adenylic acid is determined 

Phosphorylase a, when tested at pH 6 8, has on an a\ ei age 65 pei cent of 
the activity it has wuth added adenyhc acid This is illustiated in the 
fifth column of Table II, w'here the range for the contiol sample is 62 to 68 
per cent The last column shows that incubation with PR enz 3 mes pre- 
pared from muscle or spleen leads to a progressixe loss of activitv in the 
absence of added adenylic acid, while when aden 3 dic acid is added in the 
test, phosphorylase activitv is not, or only slightly, below that of the control 
sample (fourth column) 

The PR enzyme obviously does not destro 3 ^ the phosphor 3 lasc protein 
during several hours of incubation, but changes it in such a manner that 
thereafter it requires the addition of aden 3 he acid for its activit 3 In the 
concentration at w'hich it is available, the prosthetic group, once it is split 
off from the enz 3 Tne, obviousl 3 ’’ does not actn ate it The assumption tint 
phosphor 3 dase a contains firmly bound aden 3 he acid and that the PR eii- 
Z3Tne removes it from the protein would explain the experimental findings 
and has been adopted as a w orking h 3 pothesis 
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The PR preparation from spleen was found to possess considerable pro 
teoljdic activitj at pH 6 8 in Anson’s test (2) wth hemoglobin as substrate, 
while a similar preparation of muscle which had less PR activitj' was also 
weaker in proteolytic activity This suggested that the PR enzyme might 
split a peptide bond 


Table II 

of Muscle ond Spleen Protein Fraction (PP Enzyme) on Activity of CrystaUine 
Phosphorylase 

PR preparations of different concentrations were added to phosphorylase dis 
solved in glycerophosphate cysteine buffer at pH 6 8 and incubated at 25° for varying 
lengths of tune before phosphorylase activity nas tested in the presence and ab 
sence of adenylic acid 





j Phosphorylase activity 

Experunent No 

Origin o{ PR 
enzyme 

Time of incu 
bation 

With adenylic 

j ^\ ithout adenylic acid 




acid incubated 
with PR 

Incubated 
without PR 

Incubated with 
PR 



mtrt 

Per cent* 

per cent\ 

per eenl\ 

1 

Muscle 

75 

96 

64 

37 

2 

(1 

97 

105 

68 

21 

3 

tt 


94 

65 

12 

4 

tt 



67 

35 



I 33 



10 



72 



5 

5 

Spleen 


98 

65 

22 


1 

1 125 

i 99 

1 68 

1 13 

G 

“ 

36 

81 

63 

31 



100 

91 

64 

S 

7a 

< I 

20 

92 

62 

6 

7bt 

It 

20 

96 

62 

26 

7bt 

It 

60 

97 

63 

12 


* The activity of a control sample incubated v ithout PR is taken as 100 
t The activity in the presence of adenylic acid is taken as 100 
f One fourth the PR enzyme concentration of the sample in Experiment 7a 


When crystallme try^psm or chjmotrj’psm y\as allowed to act on phos- 
phorylase o at pH 6 8, the activity of the phosphorylase nas progressively 
destroyed It vas noted, however, that the activity tested yvithout addi 
tion of adenylic acid disappeaied more rapidly than the activity with 
addition of adenylic acid This indicated that the pi esthetic group was 
split off more rapidly than the phosphorylase protem w^as destroyed an 
suggested the possibility^ of splitting off the prosthetic group wnthout 
destroying the enzyme by incubating at a more acid pH 
In Table III it is shown that mcubation of phosphoiylase a mth ciysta - 
line trypsin at pH 6 0 to 6 2 led to only a small loss m phosphorylase activity 
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when tested wth adenylic acid (fourth column), while the activity without 
adenylic acid quickly dropped to low values (sixth column) Trypsm at 
pH 6 resembles the PR enzyme in that it removes the prosthetic group of 
phosphorjdase while leaving the rest of the enzyme almost mtact It 
inll be noted that in the contiol sample at pH 6 the percentage of activity 
ivithout added adenyhc acid is lower than at pH 6 8 (compare fifth column, 
Tables II and III) 


Tablp III 

Effect of Crystalline Trypsin and Chymolrypstn on Activity 
of Crystalline Phosphorylase 

Trypsm Mas added to 200 y of phosphorjlasc protein dissolved in glycerophos 
phate cysteine buffer, pH 6 to 6 2, and incubated at 25° After varying periods of 
incubation, phosphorylaso aotivit> was tested at pH 6 2 uith and without added 
adenylic acid 





Phosphorylase actn Jtjr 

Experiment Vo 

Trypsm added 

Time of meu 
batton 

1 

Uith adenyhc 

1 Without adenylic acid 



acid incubated 
with trypsm 

1 Incubated with 
out trypsm 

Incubated with 
trypsm 


7 

mmgm 

j ptr tent 

per centf 

per cenli 

1 

1 

■SH 

90 

44 

28 

2 

5 


109 

56 

27 


5 

36 

91 

54 

9 

3 

10 

10 

105 

41 

12 


10 

26 

90 

41 

9 


10 

49 

73 

47 

2 

4 

10 

10 

so 

55 j 

8 

5 

200 

10 I 

80 

45 

2 

6 


10 

84 

50 

34 



32 

63 

58 

27 


* The activity of a control sample incubated without trypsm is taken as 100 
t The activity m the presence of adenylic acid is taken ns 100 
t Chymotrypsin 


When phosphorylase a w as incubated w ith cr 3 'stalhne chymotry^psm at 
pH 6 there v as no marked difference m the loss of phosphorjdase activitj 
with and w'lthout addition of adenyhc acid (Table III, Experiment 6) A 
cathepsin preparation of spleen (Anson) at pH 7 removed the prosthetic 
group and destroyed the phosphorylase protein at about the same rate 
Enzymes w ithout effect on the activity of crj stalline phosphorjdase were 
carboxypeptidase, ribonuclease, and adenj he deammase 
The nature of the bond betw een adenjdic acid and the protem m phos- 
phorjdase a has not been elucidated One would expect that the action of 
trjqisin on phosphorylase a w ould consist in the sphtting of a peptide bond 
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An attempt \\as made to identify free adenylic acid m the digestion 
mixture of phosphor} lase mth trypsin To 10 mg of phosphorylase o n as 
added 0 25 mg of cr}stalhne ti} psm and the mixture incubated for 1 hour 
at pH 6 Before digestion mth trypsin, the activity -without added 
adenylic acid n as 63 per cent of the activity in the presence of adenylic acid, 
w hile after digestion it v as only 5 pei cent The mixture v as adjusted to 
pH 7 and heated for 3 minutes at 100° The clear supernatant vas con- 
centrated and tested for the presence of free adenylic acid by adding it to 
phosphorylase a It v as calculated that if 1 molecule of adenylic acid per 
1 molecule of phosphorjdase (molecular weight 400,000) had been freed by 
this treatment the concentrated matenal should have contained sufficient 
adenylic acid to result in a concentration of 10 micromoles per liter m the 
phosphor} lase test As show n m Fig 6, Paper III, the test ^stem is sensi- 
tive to 0 3 imcromole of aden} he acid per liter and gives a nearly maximal 
effect with 10 micromoles per liter Although the material gave a positive 
pentose reaction, there w as no indication of the presence of free adenyhc 
acid m the phosphor} lase test Negative results were also obtained when 
phosphorylase a w as more completely digested by incubating it with both 
trypsin and chymotr} psin at pH 7 for 2 days 

Whatever is split off by trypsin cannot be free or unchanged adenylic 
acid Moleculai w eight determinations have not yet been made on phos 
phorylase b The molecular size of the prosthetic group also remains to be 
investigated 

It has not been possible to convert phosphorylase b to phosphorylase a 
bv adding an excess of adenyhc acid under varying conditions of pH, tem- 
perature, and presence and absence of reducing agents Furthermore, the 
added adenyhc acid could be dialyzed away completely This indicates 
that the addition of adenyhc acid to phosphorylase b does not result in the 
formation of an undissociable linkage such as is present in phosphorylase a 
Nevertheless, the activity of phosphorylase a from which the prosthetic 
group has been completely removed by PR or by trypsin can be fully re 
stored by addition of adenyhc acid It follows that a firm bond between 
adenyhc acid and protein is not essential for the activity of the enzyme 
The significance of the bound adenyhc acid in phosphorylase a is probably 
twofold, (1) to make the enzyme self-contained, le independent of the 
formation of adenvhc acid by other reactions, and (2) to protect the adem he 
acid from enzymatic destruction, for example by adenyhc deaminase 

Pentose and Plwsphonis Content of Phosphorylase — If adenyhc acid is 
present in phosphorylase a, the enzyme should contain pentose and phos 
phorus Pentose w as determined by the colonmetnc method of Mejbaiim 
(3) which IS based on the Bial leaction and consists of heating with 1 pei 
cent orcinol in concentrated HCl In some cases 1 cc of enzyme containing 
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4 to 6 mg of protein was first treated with tnchloroacetic acid, heated for 3 
minutes at 100", the protein precipitate removed by centrifugation, and 
the supeinatant and precipitate were used for pentose determinations 
Only a slight amount of the pentose color w as given by the protem precipi- 
tate In other cases 1 cc of enzyme was analyzed mthout previous depro- 
teimzation The strong HCl hydrolyzed most of the protein dunng 
development of the color (15 minutes at 100°) Pure adenylic acid i\as 
used as standard and the color i\ as read m a Klett-Summerson photoelectnc 
colonmeter with Filter 66 

Three phosphorylase a preparations which had been recrystallized foui 
times gave values of 0 31, 0 30, and 0 26 -y of pentose per mg of protein, 
respectively The last sample, w hen only tivice recrystallized, gave a value 
of 0 6 7 of pentose per mg of protein While no great accurac}' can be 
claimed for these determinations, they are of interest in conjunction with 
the molecular weight determinations repoi ted m Paper J Assuming all 
ratio, the average of 0 30 7 of pentose per mg of protem would correspond 
to a molecular weight of 500,000, a figure vhieh is 25 per cent higher than 
that calculated from sedimentation and diffusion rates 

Highly punfied phosphorylase h, when tested in the same amounts as 
phosphorylase o, did not give any measurable pentose reaction The 
Mohsch reaction was positiv.e with phosphorylase a and negative wnth 
phosphorylase 6 

For phosphorus determmations the crystals were first w ashed with large 
volumes of 0 03 m KCl in the cold and w ei e then reci ystalhzed se\ ei al times 
from 0 03 m KCl plus 0 03 m cysteine In other cases the enzjmie aftei 
several recrystalhzations ivas dialyzed foi 2 day's against fiequent changes 
of distilled water A sample of 3 to 4 mg w as ashed w ith sulfuric acid and 
hydrogen perovide 

The average phosphorus content was 0 7 7 per mg of protein This is 
much higher than would correspond to I molecule of adenjdic acid per 
molecule of enzyme There is the possibility that phosphorus is present in 
other combmations m the enzyme protein or that traces of impunties, for 
evample phospholipids, still adhere to the enzyme A highly' punfied 
preparation of phosphorylase h contained 0 2 7 of phosphorus per mg of 
protem The presence of 1 molecule of adeny'hc acid per molecule of 
phosphorylase a could account only for a difference of about 0 1 7 of P 
per mg of protem 


SUMMARI 

1 Phosphorylase has been obtained from muscle in two forms as a 
crystaUme euglobulin, form a, which has 60 to 70 per cent of its lull actn ity 
without addition of adeny'hc acid, and as a more soluble amorphous pro- 
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tern, form b, which is inactive mthout added adenyhc acid Dilution, 
dialysis, or exposure to low or high pH or high temperatuie ivithin the range 
in which the enzyme protein is not irreversibly denatured does not cause 
form a to lose its activity -without added adenylic acid In the presence of 
adenylic acid both forms of the enzyme have the same activity per mg of 
protein 

2 Muscle contains an enzyme (PR) which can be separated from phos- 
phoiylase by isoelectric precipitation of a water extract at pH 5 9 If the 
PR enzyme is not removed, phosphorylase is obtained mainly as the 
amorphous form b 

3 Incubation of crystalline phosphoiylase a w'lth the PR enzyme of 
muscle or spleen converts it to form b, the phosphoiylase activity in the 
presence of adenyhc acid remains unchanged, while the activity without 
added adenyhc acid disappears The same result can be obtained by incu 
bation ivith crystalline trypsm at pH 6 Carboxypeptidase, iibonuclease, 
and adenyhc deaminase are without effect on crystalline phosphorylase 

4 It IS concluded that crystalline phosphorylase contains adenyhc acid 
' a prosthetic group which can be split off enzymatically This is sup 
•orted by pentose determinations form a contains 0 3 y of pentose pei mg 
of protem, corresponding to a minimum molecular weight of 500,000, while 
form b does not give any measurable pentose or Molisch reaction The 
material which is split off by the action of trypsin oncrjstalline phosphoryl 
ase gives a positive pentose reaction, but is not free adenyhc acid 

5 Evidence is presented that resting muscle contains mainly form a, 
some form b arises during isolation of the enzyme, owing to unavoidable 
action of the PR enzyme Pieviously stimulated muscle contains mainly 
form b, indicatmg an tn vivo action of the PR enzyme 

The authors wish to thank Dr Northrop and Dr Kunitz for the supply 
of crystalhne trypsin, chymotrypsin, carboxypeptidase, and nbonuclease, 
and Dr Anson for a purified preparation of spleen cathepsin 
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Some observations of the kinetics of the reaction, glucose-1 -phosphate 
polysacchande -f- inorgamc phosphate, have been made with phosphorylase 
5 (1) It seemed desirable to repeat and to extend these observations with 
crystallme phosphorylase a m order to see whether there is any difference 
between the action of the two forms of the enzyme 

EXPERIMENTAL 

Phosphorylase crystals are kept at 5° m 1 per cent glycerophosphate- 
0 03 M cysteme buffer of pH 6 7 m a concentration correspondmg to 0 4 
to 0 8 per cent protem Under these conditions they retam their activity 
for several weeks For activity tests an ahquot of the crystal suspension 
IS diluted about 100 to 200 times with 0 03 m cysteme of pH 6 7 When 
this dilute solution is kept at room temperature and the activity is tested 
at vanous tune mtervals, there occurs a slight (5 to 15 per cent) rise m 
activity This mcrease takes place ivithm 5 to 20 mmutes, and thereafter 
the activity remams constant for at least 1 hour The activity of the 
enzyme is not increased further by doublmg or tnphng the cysteme con- 
centration The enzyme activity reaches the same peak in equimolar 
concentrations of cysteine, glutathione, or KCN, but the time required is 
longer for glutathione and still longer for KCN than for cysteme 

The usual composition of the reaction mixture was 0 016 m glucose-l-phos- 
phate (l-ester), 1 per cent glycogen, and 0 015 m cysteme, pH 6 7, unless 
otherwise stated The enzyme was added as the last component and the 
reaction mixture was incubated at 30° Based on a molecular v eight of 
400,000, the enzyme concentration in the experiments reported in this paper 
was of the order of 10~* m The crystallme enzyme has about 65 per cent 
of its maximal activity when no adenylic acid is added Without addition 
of glycogen, the enzyme is completely inactive The liberation of inor- 
ganic phosphate w as used as a measure of the reaction to the right 

The pH optimum of the leaction is betw'een 6 5 and 6 9 If the rate at 
pH 6 7 IS taken as 100, it is 88 at pH 6 1 and 72 at pH 7 4 There occurs 
a shift in pH dunng mcubation, because the 1-ester (pKs 6 1) which disap- 
pears IS a stronger acid than the orthophosphate (pKs 6 8) w hich is formed 

‘This work was supported by a grant from the Rockefeller Foundation 

39 



40 


kinetics of phosphoktlase action 


This change is small and has a neghgible effect on the rate during the early 
course of the reaction Glycerophosphate buffer (0 03 m) keeps the pH 
nearly constant, but it also decreases the activity of the enzyme This ii ill 
be illustrated later A more suitable buffer, le one u hich does not decrease 
enzyme activity, could not be found 
Theoretical Considerations — The polysacchande formed by muscle phos 
phorylase is made up of a long, unbranched chain of glucose residues in 1 4 
glucosidic linkage (2) The process of formation of this polysacchande 
chain may be pictured as one of successive additions of glucose-1 -phosphate 
units M hich exchange their ester bond for a glucosidic bond m the chain 
The process u ould therefore be bimolecular, that is, 2 glucose molecules 
react, one representmg the terminal unit of the cham and the other the 
glucose-l-phosphate unit to be added to the cham As shown m the formu- 
lation gnen below, the reaction would also be bimolecular in the reverse 
direction 


Glucose-1 phosphate + terminal glucose unit maltosidio chain unit + inorganic 

phosphate 


A reaction fiom left to nght does not occur when glucose-l-phosphate 
alone is added, that is, a polysacchande chain cannot be started by a reac 
tion between 2 glucose-l-phosphate molecules The system needs another 
component Eithei glimogen, which is a highly branched molecule, or the 
branched polysacchande fraction of natural starch has to be present The 


former contains about 9 per cent and the latter 4 per cent of terminal 
glucose units Polysacchande synthesis might consist in a lengthening of 
existing side chams by addition of glucose units in 1 4 glucosidic linkages 
The linear polysaccharides formed by muscle or potato phosphoiylase 
in Vitro and the linear fraction of natural starch (amylose) cannot be sub 
stituted for glycogen, they possess very few end-groups and are poorly 
soluble in water, they do not initiate polysacchande synthesis by phos 
phorylase even m 0 1 per cent concentration Ow'ing to this fact, it is 
possible to determine the effect of glycogen concentration on the rate of 
the reaction to the nght With low concentrations (0 01 to 0 02 per cent) 


the system may fail to reach equilibnum, woth intermediate concentrations 
the rate of the reaction falls off rapidly with time, ivith 0 5 to 1 per cent 
glycogen (and 0 016 M 1-ester) the reaction proceeds at nearly maximal 
rate and is kmetically of the first ordei Such an effect of glycogen con 
centration would be expected if glycogen were one of the reacting molecules 
A special feature of the reaction as formulated is that the concentration 
of the terminal glucose units may be pictured as remaming constant as t e 
length of the polysacchande cham increases, hence the reaction could 
kmetically of the fii-st order IVhen the concentration of the terminal urn 
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IS much smaller than that of l-est^r, that is when only a small amount of 
glycogen is added, relatively few long chams would be expected to form, 
uhile the reverse would be true when a large amount of glycogen is added 
The followmg calculation illustrates this A 0 02 per cent glycogen solu- 
tion contains about 0 002 per cent glucose residues as end-groups of side 
chains, which corresponds to a concentration of 1 1 X 10~* m If the 
original 1-ester concentration is 1 4 X 10“^ m, 1 1 X 10““ m would be con- 
verted to polysaccharide when equilibrium is reached, hence the average 
cham length of the newly formed polysacchande would be about 100 
glucose units With a higher glycogen concentration more side chams 
uould be aiailable as nuclei for polysaccharide S 3 mthesis and the average 
cham length would be shorter 

The mterpretation of the kmetics of the reaction at low glycogen concen- 
trations IS based on the assumption that cham length is a limitmg factor in 
the synthesis of the hnear polysacchande As the cham length mcreases 
beyond a certam optimum, the rate of the reaction decreases more and more 
and may stop before equilibnum is reached In the following the term 
“mhibition” is merely used as a simple way of describing this phenomenon 

First Order Reaction and Definition of Units — Under certam conditions 
which form the basis for the activity determination of the enzyme, the 
reaction is kmetically of the first order The conditions necessary are 
constant pH, presence of a reducing agent, and 1 per cent of glycogen if 
the 1-ester concentration is 0 016 m Phosphorylase h requires, m addition, 
the presence of adenyhc acid Under these conditions K is proportional 
to the enzyme concentration over a 10-fold range of enzyme dilutions 


K = 




( 1 ) 


In Fig 1 the experimental pomts fit closely a theoretical curve drawn 
according to Equation 1, not onlv for the initial part but also for the part 
of the curve which approaches equilibrium The equation is that of a 
reversible first order reaction, uhere x, is the per cent of 1-ester converted 
to polysacchande at equihbnura and x is the per cent com erted at a given 
time, t (in minutes) The value of Xc vanes mth pH, hence the pH of the 
reaction mixture must be known and kept constant For a comparison of 
the catalytic activity of different enzyme preparations the initial 1 -ester 
concentration and the temperature must be kept constant For conveni- 
ence, K multiphed by 1000 is teimed "units" of enzy me present per I cc 
of reaction mixture 

Catalytic Constants — 1 mg of phosphorylase a uhich has been recry stal- 
hzed several times has an activity of 3500 units at pH 6 ( and 30 in a reac- 
tion mixture containing 0 016 m 1-ester, 1 per cent glycogen,0 1 mu adeny he 
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acid, and 0 015 m cysteine When 0 03 m glycerophosphate is used as 
buffer, the value is 3000 units per mg In the former case, assuming a 
molecular weight of 400,000 for the ensyme, the initial rate of the reaction 
would correspond to a conversion of 4 X 10< molecules of glucose-l-phos- 
phate to polysacchande per molecule of enzyme per mmute 
Second Order Reaction — ’That the reaction can be kmetically of a higher 
order is shown when glucose, which is a competitive inhibitor, is added 



Fig 1 Time curve for the conversion of 1 ester to polysacchande A glycero 
phosphate buflfer of pH 6 7 was used The curve, which has been drawn according to 
Equation 1, is of the first order 


In the presence of glucose the rate is that of a second order, reversible 
reaction and is descnbed by Equation 2 


K = 


Xc 


2la(a — Xe) 


logio 


x{a — 2g,) + ax, 
a(x, — x) 


(2) 


where a is the mitial l-ester concentration, x , the amount changed at equilib- 
num, and x the amount changed at tune, t In testmg the equation, the 
term to the left of logio was replaced by 1/i m order to make the value of A 
mdependent of the umts m which concentrations are expressed An exam 
pie 13 given m Table I It may be seen that the position of the equilibnum 
is not changed by the addition of glucose and that the rate follows Equation 
2 up to the pomt of approachmg equihbnum 

In the presence of low concentrations of glycogen the reaction is slower 
than first order Smce the reaction approaches one of the first order with 
increasing glycogen concentration, one finds a family of transitional rate 
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curves, some of which are of the second order An example of the rate of 
the reaction m the presence of 60 mg per cent of glycogen is given m Table 
II, the agreement ivith Equation 2 is fairly satisfactory 
Effect of Cysteine — In order to free the enzjmie of cysteme, phosphorylase 
crystals were washed several times with large volumes of 0 03 m KCl m the 


Table 1 

Polysaccharide Formation in Presence and Absence of Glucose 
The initial 1 ester concentration was 19 3 mM and the pH 7 1 The concentration 
of glycogen was 1 per cent 


Time 

1 ithout glucose 

With 0 05 XI glucose 

1 Ester 
converted 

K X 10* 
Equation I 

1 Ester 
converted 

K X I0> 
Equation 1 

K X 10* 
Equation 2 

mm 

5 1 

per cent 

44 2 

75 

per cent 

32 7 

49 

26 

10 

63 1 

76 

50 7 

47 

28 

15 

71 1 

76 

59 6 

44 

28 

26 

75 0 

74 

68 5 

38 

27 

40 

76 5 


73 1 

38 

26 

60 

76 5 

1 

75 0 


i 


Table II 


Time Curve in Presence of Low Concenlralions of Glycogen 


The initial 1 ester concentration was 12 6 niM and the pH 7 1 
centration n as 60 mg per 100 cc 

The glycogen con 

Time 

1 Ester converted 

A X 10* Equation 1 

A X 10* Equation 2 

mm 

per cent 

1 


5 

21 2 

29 

16 

10 

31 6 

24 

14 

15 

40 4 

23 

14 

20 

48 2 

22 

14 

30 

55 2 

20 

13 

40 

59 6 

18 

12 

50 

65 4 

18 

13 

60 

68 4 

18 

14 

00 

74 5 




cold The crystals were dissolved in m KCl at room temperature, givmg a 
solution of about 0 1 per cent protem This enzyme preparation was tested 
Without and with added cysteme In the absence of cysteme the enzyme 
Was only one-fourth to one-half as active as m the presence of 0 015 m 
cysteme Fig 2 shows that the rate curve was close to a straight Ime until 
equihbrium was approached The position of the equihbnum was not 
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changed by the absence of cysteine When cysteine was added to this 
enzyme preparation, the usual first order reaction rate was observed 



Fig 2 Potysaoohande formation m the presence and absence of cysteme Curve 
without cj steine Curve 2 with the same enzyme concentration and 0 016 m cj steine 



fc-INUTES 

Fig 3 Polysacchande formation m the absence and presence of phlorhizm 
Curve 1 without phlorhizm, Curve 2 0 0012 m phlorhizm 

Effect of Phhrhizin — 'OTien muscle phosphorylase is mhibited by phlor- 
hizin, the early course of the reaction follows a straight line even in the 
presence of cysteine An example is given in Fig 3 
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Equtbbnum — The ratio, inorganic P to 1-ester P, at equihbnum vanes 
with pH This has been shown by Hanes (3) for potato phosphoiylase and 
by Con and Con (1) for animal phosphoi^dases from bram, hver, and 
muscle Although the above ratio decreases from about 7 at pH 6 to about 
3 at pH 7, the ratios of the mono- and divalent ions of these two salts, as 
calculated recently by Hanes and Maskell (4), remam approximately con- 
stant over this pH range The mean ratio of the monovalent ions is 10 6 
for the plant and 10 2 for the animal enzymes, while the mean ratio of the 
divalent ions is 2 2 and 2 0, respectively The equilibria of the two systems 


Table III 

Effect of pH on Position of Equilibrium 


For descnption, see the text 


pH 


X,, Equation 1 

1 

Ratio mono 
valent ions 

RatlOf divalent 
ions 

7 33 

BrnH 

71 0 

9 7 

1 98 

7 30 


70 5 

9 4 1 

1 92 

6 96 

3 11 

75 7 

10 0 


6 94 

3 22 

76 3 

10 3 

2 11 

6 S3 

3 81 

79 2 

8 8 


6 51 

4 08 

80 3 

9 3 

1 90 

6 07 

5 90 

85 5 

9 3 

1 89 

6 07 

6 81 

87 2 

10 9 

2 22 

6 14* 

5 45 

84 5 

8 9 

1 82 

6 78* 

3 59 1 

78 2 

10 2 

2 09 

7 25* 

2 79 

73 6 

10 7 

2 19 

Average 

9 8 

2 0 


* After addition of adenylic acid 


appear to be very similar, although complete identity has not yet been 
established 

In the experiment in Table III small amounts of i\ eak HCl or KOH it ere 
added m order to determme the position of the equilibrium at different pH 
m the same reaction mixture The pH was detemuned inth the glass 
electrode ivithin 1 to 3 mmutes of removing an aliquot for P analysis 
Two analyses at different time mtervals were made at each pH in order to 
insure that equihbnum had been reached The values are given m terms 
of x, of Equation 1, so that they may be used for the calculation of the first 
order velocity constant at different pH x,/(100 — x,) equals the ratio 
morganic P to 1-ester P The ratio of the mono- and divalent ions was 
calculated from the dissociation constants of o-phosphonc acid (Ki 1 07 X 
10'= and hTj 1 51 X 10“’) and glucose-l-phosphonc acid (5) (A'l 7 8 X 
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10~® and Kz 7 4 X 10^’) The mean ratio of the divalent ions at equilib- 
rium was the same as that calculated by Hanes and Masked from prei lously 
published data for animal phosphoiylases 

Temperaiure—ln order to reduce the time required for the attainment of 
temperature equilibrium to a mmimum, the volume of the reaction mixture 
IV as 0 2 cc The total time of exposure of the enzyme at each temperature 
was 8 minutes, 3 for the attamment of the temperature equihbnum and 5 
for the reaction The rates of reaction at 14°, 25 5°, 39°, 43°, and 49° 
corresponded to 8 8, 48 0, 85 5, 52 9, and 7 8 units respectively In anotlier 
experiment at 16°, 25°, and 38 5°, the rates were 12 8, 40 1, and 90 6 umts 
The reaction rate rises up to a temperature of 39° and falls off sharply at 
higher temperatures because of mactivation of the enzyme 
The energy of activation was calculated by means of the Arrhenius 
equation for the first temperature interval of each expenment and amounted 
to 25,300 and 24,300 calones per mole, respectively When glucose-1- 
phosphate was hydrolyzed m 2 5 n sulfunc acid at 25° and 35°, values of 
2 0 and 9 1 X 10”^ were obtained for the first order velocity constant, cor- 
respondmg to an energy of activation of 27,500 calones per mole 
Components of the Systmn — As shown previously (1), the combmation of 
e enzyme with l-ester, adenylic acid, and glycogen may all be expressed 
> terms of the Michaelis-Menten (6) equation or by the following equiva- 
lent expression 

( 3 ) 

V 


where c is the concentration of the component added, V is the maximum 
rate at high concentrations of c, and v is the rate at a given concentration of 
c The constant, ^, corresponds to the value of c which gives half the 
maximal rate, t e , when (F — v)/v = 1 Smee Equation 3 is essentially a 
mass law expression, k has the dimensions of a dissociation constant 
Equation 3 may be rearranged in a Imear form, 

+ ( 4 ) 

V r vc 


The values for F are determmed graphically by plottmg 1/v against 1/c as 
proposed by Lmeweaver and Burk (7) The velocity, v, is the mitial veloc- 
ity of the reaction and was evaluat^ by Michaelis and Menten as the 
tangent to the rate curve at its beginning The proper choice of a as a 
measure of reaction velocity is therefore a matter of considerable importance 

and will be explamed m each case j j ii 

Glucose-l-phosphate—When the l-ester concentration is varied and aii 
other components of the system are kept constant, a is expressed m ter^ ^ 
inorganic phosphate The amount formed m 5 or 10 minutes is calculated 
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back to 0 5 minute by means of Equation 1 or 2, whichever apphes, thus 
giving the initial rate of the reaction 
In Fig 4 IS given an example of the effect of thiee 1-ester concentrations 
m the presence and absence of glucose It may be seen that m the absence 
of glucose a straight hne results when l/a is plotted against 1/c, as predicted 
by Equation 4 In the presence of glucose the same plot gixes a curve 
concave to the z-axis, but when 1/a is plotted agamst the reciprocal of the 
square of the 1-ester concentration, a straight Ime is obtamed This result 
was to be expected from the analysis of the experiment m Table I which 
showed that the rate curve is second order m the presence of glucose The 
ordmate mtercept, 1/F, is the same m the presence and absence of glucose, 
this IS characteristic of competitive inhibition 



Flo 4 Effect of 1 eater concentration in the absence and presence of glucose 
Curve 1 without glucose, Curve 2 with 0 05 M glucose, both plotted against l/msi 1 
ester Curve3with005Mglucose,plottedagain8tl0/(nm)*l cater Glucoseshows 
competitive inhibition , in its presence the reaction is second order , in its absence the 
reaction is of the first order 

Calculated from Equation 3 for Curve 1 in Fig 4, k amounts to 5 / X 
10~^ M glucose-l-phosphate There was some vanation m the value of k 
(from 4 8 to 6 4 X 10“= m) for different enzyme preparations For a given 
enzjTne preparation the same value of A. n as obtamed whether or not ade- 
nylic acid -was added When 0 03 m glycerophosphate was used as buffer, 
the Value of k was significantly lower, owmg to a greater mhibition of the 
reaction by glycerophosphate at high than at low 1-ester concentrations 
Adenylic Acid — As stated m Paper II of this senes, phosphor}dase a is 
assumed to contam adenylic acid Although firmly bound in a prosthetic 
group, this adenyhc acid could nevertheless form a dissociable linkage w ith 
the enzyme protem through one of its phosphate groups Such an internal 
dissociation is one possible explanation for the fact that addition of adenj he 
acid mcreases the activity of phosphorylase a 
I\Tien the prosthetic group is reraox’'ed bj the PR enzyme or bj tr^qisin. 
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the catalytic activity can be fully restored by addition of adenylic acid It 
was therefore of interest to compare the adenyhc acid concentrations which 
have an effect on these two forms of enzyme 
A curve for the mcrease m rate with adenylic acid added to phosphorylase 
a 18 shown m Fig 6 The late has been calculated from a determination 
of the first order velocity constant and is expressed m per cent of V, the 
maximal rate m the presence of large amounts of adenyhc acid V has been 
obtamed from a plot of 1/v agamst 1/c Without added adenyhc acid the 
enzyme showed 71 per cent of the maximal activity The curve follows 
Equation 3 if the activity without added adenyhc acid is taken as zero, 
k amounts to 1 5 X 10-« m adenyhc acid at pH 6 7 and 25° 



lO^M AOENVLIC ACID PER LITER 


Fig S Effect of adenyhc acid on activity of crystalline phosphory'^se 

The dissociation constant for added adenyhc acid is 30 times smaller with 
phosphorylase a than with phosphorylase b The previously detennmed 
value for brain phosphorylase b was 3 X 10~® m at pH 6 9 and 25° (1) A 
new detennmation on a muscle phosphoiylase b preparation of 70 per cent 
purity gave 5 X 10“® m at pH 6 7 It seems that the dissociation constant 
for phosphorylase 6 rises mth decrease in pH, but this has not been fully 
mvestigated 

It has been reported previously (8) that adenosme diphosphate (but not 
adenosme triphosphate) can act as coenzyme of phosphoiylase and that it 
IS about one-haff as active as adenyhc acid It has smce been found that 
this result was due to the action of myokmase (9) This enzyme, which 
establishes the equihbnum, 2 adenosme diphosphate 5=i adenyhc acid + 
adenosme tnphosphate, was origmaUy detected m a purified phosphoryto 
preparation of muscle Myokmase, which acts m extremely small amounts. 
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IS removed by crystallization of phosphoiylase In the absence of myo- 
kmase, adenosme diphosphate does not activate phosphorylase Inosmic 
acid has a weak activating effect when added in high concentrations 
Phosphorylase a is therefore a highly specific and veiy sensitive test sub- 
stance for the detection of adenylic acid 
Glycogen — In Table IV is given an example of the type of data needed 
for the evaluation of the constant for the glycogen-enzyme combination 
In the presence of low concentrations of glycogen the first order velocity 
constant (expressed in units) falls off with time As has been discussed 
above, this inhibition of the reaction may be the result of mcreasmg 
cham length of the newly formed polysacchande In order to evaluate the 
constant for the glycogen combmation, it is necessary to obtam the mitial 

Table IV 

Effect of Glycogen Concentration 


Gb'cogen added, mg percent 


Time 

1 1000 ] 

1 .6 : 

1 

1 11 5 

1 46 

1 S3 

1 115 


i Ester 
con 
verted 

[ 

Units 

1 Ester 

1 con 
i verted 

f 

! Units , 

I Ester 
con 
verted 

Umts 

J Ester: 
1 con j 
verted 

Units 

1 i fEQuation i 

r « 75 5) 

min 

Per cent 


per cent 


per cent 


per eent\ 


mg perl 
100 ee 

mg per 
100 cf 

mg per 
100 (c 

0* 

1 

71 8 


so 2 


38 5 


26 0 

21 2 

20 8 

20 9 

5 

45 0 

71 8 

25 9 

34 1 

18 0 

22 1 

12 8 

15 1 

53 

53 

45 

10 

64 6 

71 6 

35 5 

25 5 1 

24 1 

15 6 

17 1 

10 5 

86 i 

86 

79 

20 



45 5 

18 3 

31 4 

10 8 

21 4 

6 8 

138 

133 

112 


• By interpolation from a graph of I/umts i?ersw5 minutes 


rate This can be done by graphic mterpolation by plottmg the reciprocal 
of the umts agamst tune The ordmate mtercept m such a graph repre- 
sents the velocity of the reaction at zero time, that is, when no inhibition 
18 present 

When the reciprocal of the rate at zero time is plotted agamst the re- 
ciprocal of the glycogen concentration, a straight Ime is obtained and the 
ordmate mtercept is 1/F of Equation 4 The constants may non be 
calculated as shown m Table IV The constants for the zero mmutc rate 
hold over the whole range of glycogen concentrations, mcluding the highest 
concentration of 1000 mg per cent, eg ,K = (73 3 — 71 8)/71 8 X 1000 = 
21 mg per cent Accordmg to the present concept the terminal glucose 
residues of the glycogen molecule would be the units for combination v ith 
the enzyme The value of k of 21 mg per cent corresponds to a concen- 
tration of temunal glucose umts of about 1 2 X 10"^ 'f The enzyme 
concentration m this expenment was 5 X 10"“ m 
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The progressive increase with tune m the \alue of k which is shown m 
Table IV could be interpreted to mean that the more hnear polysacchande 
IS formed the more glycogen is needed to saturate one-half of the enzyme 
It should, therefore, be possible to overcome an existmg inhibition by addmg 
an additional amount of glycogen Such an experiment with a phosphoryl- 
ase b preparation of muscle has been recorded previously (1), but no de- 
tailed analysis vas given 

The first part of the curve m Fig 6 shows that the reaction m the presence 
of low concentrations of gl 3 '’cogen becomes so slow that equihbnum would 
not be reached in many hours As soon as a sufficient amount of gl 3 Togen 



Fig 6 Effect of glycogen on activity of phosphorylase In the first part of the 
curve the glj cogen concentration was 0 02 per cent At the arroi\ the glycogen 
concentration vas increased to 1 per cent 


is added, the rate becomes of the first order and equdibnum is approached 
rapidty The first order constants were calculated by means of the equa- 
tion. 


K = 



{x, - Jl) 

(X, - Xi) 


(5) 


vhere h is the time of addition of glycogen and xi the amount of 1-ester 
which disappeared up to that time The values for K X 10’ vere 38, 38, 
39, 37, 39 for consecutite time penods The same enzyme, when tested 
with 1 pel cent glycogen added at the beginning, gave a first order constant 
of 37 This expenment show's that the enzyme regains its full catalytic 
acliMty when the inhibition is removed by addition of an optunal amoun 
o5 glycogen 
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The tune required to reach equilibnum m the presence of low concentra- 
tions of glycogen depends on the enzyme concentration This is illustrated 
in Table V With the highest enzyme concentration it would have re- 
quued about 3 hours for the reaction to reach equilibnum Inspection of 
the data shows that each time the enz 3 rme concentration was reduced one- 
half it took about twice as long to reach the same percentage of conversion 
of l-ester Hence, it would have taken 24 hours foi the attamment of 
equilibrium with the loivest enzyme concentration The experiment shows 
that m order to approach equihbiium in the presence of lou concentrations 
of glycogen it is necessary to use \ ery high enzyme concentrations This is 
of impoitance if one wishes to prepare the Imear polysacchande with as 
little admixtuie of glycogen as possible The “laige scale” preparation 
of this polysaccharide has been described in another paper (2) 

Table V 

Effect of Enzyme Concentration in Presence of Low Concentrations of Glycogen 
The gbeogen concentration was 17 mg per 100 co of reaction mixture and the pH 
7 1 



Enzyme dilution 

Time 

1 200 

1 

I 100 j 

1 * 

1 1 25 


Per cent 1 ester converted 

min 


1 




15 

15 6 

1 

20 I ; 

27 0 

37 2 

30 1 

19 9 

1 

20 6 

38 0 

48 8 

60 

20 6 

1 

35 7 1 

■10 5 

60 2 

120 1 

30 2 

i 

•J4 7 j 

1 59 4 

1 1 

69 8 


Revetsal of Reaction — It is possible to reveise the reaction bj addition 
of inorganic phosphate and to show that the linear polysaccharide can be 
converted back to 1-ester For example, there u ere present per 1 cc of 
reaction mrxtuie 2 0 mg of newh formed polj sacchande at the time of 
addition of moiganic phosphate Duiing subsequent incubation for 2 
hours, inorganic phosphate disappeared and 1-estei w as foimed, correspond- 
ing to a disappearance of 0 76 mg of polysaccharide Since onlj 0 12 mg 
of glycogen pei cc had been added, at least 0 64 mg of poljsacchaiide iias 
converted back to 1-ester The linear polysaccharide fraction of natural 
starch can also be converted to glucose-1 -phosphate The slovness of 

both reactions is piobably due to the loi\ concentration of end-groups 
Inhibitions — The inhibitory substances inaestigated i\ere glucose (10), 
phlorhizm, sodium ^-glycerophosphate, and ammonium sulfate In these 
experiments the inhibitor was added to the enz\ me before the reaction i\ns 
started by addition of 1-ester 
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Glucose, as shown previously m this paper, causes competitive mhibition 
and in its presence the reaction is kinetically of the second order With 
phlorhizm and the two salts the mhibition is of the non-competitive type 
A plot of the reciprocal of the rate against the glucose concentration 
gives a straight Ime, indicating that 1 molecule of glucose combmes with 
the enzyme In the case of phlorhizm a straight Ime results when the 
reciprocal of the velocity is plotted against the square of the phlorhizm con 
centration, indicating that 2 molecules of the inhibitor combine with the 
enzyme This is illustrated m Fig 7 In the case of the two salts, 1 
molecule of mhibitor combmes with the enzyme 



Fig 7 Effect of phlorhizm concentration on phosphorylaae activity The re 
ciprocal of the velocities is plotted against 10^ n phlorhizm m Curve 1 and against 
(10“’ M phlorhizm)’ X 10’ m Curve 2 Curve 2 shows that 2 molecules of inhibitor 
combine with the enzyme 

Effect of Adenylic Acid on Inhibitions — The mhibition of crystalline 
phosphoiylase by glucose and by phlorhizm is much greater m the absence 
than m the presence of adenyhc acid For example, wnth 0 02, 0 04, and 
0 1 M glucose the inhibition was 15 6, 41 3, and 73 5 per cent respectively 
when no adenyhc acid was added In the presence of an optnnal amount 
of adenyhc acid 0 02 and 0 04 m glucose caused no inhibition, while 01*' 
glucose caused only 23 8 per cent inhibition Similarly, with 0 6, 1 2, and 
2 4 X 10“’ M phlorhizm the inhibition was 14 1, 51 4, and 87 2 per cent 
respectively m the absence and 4 3, 23 2, and 60 4 per cent respectively m 
the presence of adenyhc acid 

Yery small amounts of adenyhc acid are able to counteract the glucose 
inhibition The expenment m Fig 5 shows that addition of 2 microino es 
of adenylic acid per liter has an intermediate effect and 8 micromoles a 
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nearly maximal effect on the activity of crystallme phosphorylase The 
same concentrations of adenyhc acid have a defimte effect on glucose 
mhibition For example, with 0 05 m glucose present in the reaction mnx- 
ture, the per cent of 1-ester converted to polysacchande was 23 2, 48 3, 
51 4, and 51 6 when the concentrations of added adenyhc acid vere 0, 1 8, 
7 5, and 30 micromoles per liter, respectively 
Effect of Salts — Data for sodium glycerophosphate and ammonium sulfate 
are presented m Fig 8 The curves are rectangular hyperbolae and are 



Fig 8 Fio 9 

Fig 8 Inhibitory etfeot of ammonium sulfate and sodium 3 glycerophosphate 
(glyc P) on phosphorylase activity with and without addition of adenyhc acid 
Fig 9 The data of Fig 8 were plotted as logarithms of specific rate constant 
versus square root of lomc strength of added salt solution 

described by the equation, h — Iv/(vo—v), where I is the concentration of 
the inhibitmg salt, v is the rate m units for a given concentration of I , ana 
fo IS the rate in the absence of inhibitmg salt ^ for glycerophosphate 
amounts to about 0 05 m per hter with or without added adenyhc acid 
In the case of ammomum sulfate the values are 0 026 m m the absence 
and 0051 m m the presence of adenyhc acid It seems clear that the 
presence of divalent neutral salts even in concentrations as low as 0 02 m can 
cause serious errors m activity determmations of the 6023^16 
Fig 9 show’s how the effect of the neutral salts on the enzyme is related to 
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the ionic strength A straight line with negative slope results when the 
logarithm of the fii-st order velocity constant (expressed in units) is plotted 
against the square root of the ionic strength of the added salts 

SUMMiHX 

1 The reaction catalyzed by phosphoiylase has been formulated as 
follows glucose-l-phosphate + teiTnmal glucose units ^ maltosidic chain 
units + morganic phosphate The termmal glucose units are the end- 
groups of the highly blanched glj'cogen molecule Without addition of 
glycogen no reaction to the light occurs, uith lou concentrations the 
reaction fails to leach equilibrium, with intermediate concentrations the 
rate of the reaction is kmeticall}’’ of the second order, and ivith high con- 
centrations of the first order The theory is presented that glycogen 
enters into the reaction to the right and that polysacchande synthesis 
consists m a lengthening of the side chains of glycogen by addition of glucose 
units in 1 4 glucosidic linkage 

2 Activity measurements are expressed m units and are based on a 
determination of the first order velocitj constant under standard conditions 
These are constant pH, presence of a reducing agent, and 1 per cent glycogen 
for a glucose-l-phosphate concentration of 0 016 Ji 1 mg of phosphoiylase 
a has an activity of 3500 units at pH 6 7 and 30°, this corresponds to a 
turnover number of 4 X 10^ glucose-l-phosphate molecules per molecule 
of enzyme per minute 

3 In the absence of a reducmg agent the enzyme is only one-fourth to 
one-half as active as in the presence of 0 015 m cysteme and the early course 
of the reaction is zero order 

4 Although the ratio, inorganic P to 1-ester P, at equilibnum varies con- 
siderably ivith pH, the ratio of the divalent ions of these two acids remains 
constant at a value of about 2, confirming calculations of Hanes and 
Maskell The pH optimum of the reaction is between 6 5 and 6 9 

5 The energy of activation amounts to 25,000 calones per mole between 
15-25° The rate of the reaction rises up to a temperature of 39° and falls 
off sharply at 43° because of inactivation of the enzyme 

6 The concentration at which one-half of the enzyme is combined wuth 
glucose-l-phosphate is 5 5 X 10-^ m The corresponding i alue for glj'co 
gen IS 20 mg per 100 cc 

7 \ddition of adenylic acid increases the activity of phosphoiylase o 
When the activity without added adenylic acid is taken as zero, the dis 
sociation constant of the added adenylic acid is 1 5 X 10“® si at pH 6 7 and 
25° Form 6 of the enzyme, w hich is mactive without addition of adenylic 
acid has a dissociation constant for the combination with adenylic acid o 
5 X M Adenosine diphosphate does not activate phosphory ase i 
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myokinase is absent Inosmic acid has a weak effect m high concen- 
trations 

8 Glucose IS a competitive inhibitor w ith respect to glucose-l-phosphate, 
while phlorhizin, ammomum sulfate, and sodium /8-glycerophosphate are 
non-competitive inhibitors In the case of phlorhizm 2 molecules combine 
with the enzyme, while in the case of the other inhibitors 1 molecule com- 
bines The kinetics of the reaction are unchanged bj*^ the addition of 
ammomum sulfate and glycerophosphate With phlorhizm the early couisc 
of the reaction is zero order, wnth glucose the rate of the reaction is of the 
second oider The inhibition by glucose, phlorhizm, and ammonium sulfate 
IS counteracted by addition of small amounts of adenylic acid A plot of the 
loganthm of the first order velocity constant against the square root of the 
ionic strength of added ammonium sulfate and glj cerophosphate gives a 
straight line with a negative slope 
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It has been sho\vn that glycogen is a highly branched molecule and that 
a 1 6 glucosidic linkage is present at the pomt of branching (1) Recent 
fractionation studies of natural starches have shoivn that tv> o components 
can be separated (2-4) One (which is called amylopectm b}’' Meyer 
(5)) has a branched structure and is similar to glycogen, the other, amylose, 
is made up of long, unbranched chams of glucose residues m 1 4 glucosidic 
linkage Potato starch and com-starch contam about 20 per cent amylose, 
the remamder bemg amylopectm 

The polysacchandes formed tn intro by bram, heart, and hver phos- 
phorylase preparations give a brown color ivith lodme and resemble glyco- 
gen (6), while those formed by potato (7) and by muscle phosphorylase 
(8) have been shown to possess an unbranched structure and to resemble 
closely the amylose fraction of natural starch If one assumes that muscle 
phosphoiylase differs from the phosphorylases of other tissues, the fact that 
muscle contams glycogen and not amylose cannot be explamed Another 
possibihty IS to assume that all phosphoiylases are of the type of the muscle 
enzyme, t e , that they can only form polysacchandes with 1 4 linkages and 
that another enzyme (or factor) is necessary to make the 1 6 linkages at the 
pomt of branchmg The latter enzjune would be present m relatively high 
concentration m heart, hver, and brain extracts, while muscle extract (for 
an unknown reason) would contam very httle of it * 

Attempts to free hver or heart phosphorjdase of the second enzyme hi^ve 
not been successful The best heart phosphorylase preparations had a 
punty level of only 20 per cent, if one assumes that pure muscle and heart 

* This work was supported by a grant from the Com Industries Research Foun 
dation 

* A recent observation is of interest in this connection Waxj maize starch has 
been shown by Schoch (2) with the butanol fractionation method and bj Bates et al 
(3) with an iodine titration method to be free of the amjlose component The waxy 
maize starch gives a red-brown color with iodine An extract was prepared from 
W’axy maize pollen which was kindlj supplied to us bj Dr Stadler This extract 
formed a highly insoluble polj saccharide from glucose 1 phosphate which gav c a pure 
blue color with iodine The case is analogous to that of muscle which contains 
glycogen but yields an extract which forms amjlose 
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phosphoiylases have the same activity per mg of protem, and such prepa- 
rations still formed a polysacchande which gave a brown color mth iodine 
It has been possible, however, to cany out the reverse evpenment, namel}', 
to supplement muscle phosphoiylase with a hver or heart extract which 
contamed the second enz 3 mie hut which was devoid of phosphorylase ac- 
tivity The combmed action of these two emymes resulted m the forma- 
tion of a polysacchande which resembled glycogen 

In contrast to glycogen and amylopectm, the polysaccharides formed by 
muscle or potato phosphoiylase, as well as the amylose fraction of natural 
starch, do not “activate” phosphoiylase Por this reason the Xmetics of 
the reaction are not the same ivhen a branched type of polysacchande is 
bemg formed as when a hnear type is being formed The mterpretation 
of some of the experiments reported m this paper is based on this difference 
m kmetics 

In studymg the activity of crude preparations of bram, heart, and hver 
phosphorylase without added glycogen, there was noted an induction penod 
followed by an S-shaped rate curve Similar curves have been obtamed 
with crude muscle phosphorylase preparations when used m high concen- 

* 11 and wnthout addition of glycogen This type of curve was ascnfaed 
to two factors to the presence m the en 2 yme preparations of traces of 
glycogen which start the reaction, and to the cataljdic effect of the newly 
formed polysacchande When somewhat purified, these phosphoiylases 
remamed mactive unless glycogen was added In the case of bram, heart, 
and hver phosphorylase preparations it was sufiBcient to add 1 to 5 mg of 
glycogen per 100 cc of reaction mixture to start the reaction and to allow it 
to come to equihbnum (m the form of an S-shaped rate curve) In the case 
of purified or crystalhne muscle phosphorylase the reaction does not reach 
equihbnum when such small amounts of glycogen are added because the 
polysacchande formed by muscle phosphoiylase alone does not have any 
activatmg effect on the enzyme This has been discussed m some detail in 
Paper III of this senes 


EXPEKIMENTAn 

Perfused hvers of previously fasted rats and dog and rabbit hearts were 
extracted with 2 volumes of water The extracts were dialyzed and an 
isoelectnc precipitate which formed at pH 6 to 6 2 was removed The 
supernatant fluid was precipitated with 40 per cent ammonium sulfate at 
pH 7 and the dissolved precipitate dialyzed against water and frozen 
The precipitates formed on dialysis and on freezmg were discarded and 
the clear supernatant flmd used for the experiments, m some cases after 
further fractionation with ammomum sulfate The extracts showed no 
phosphorylase activity when tested without addition of adenyhc acid 
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When tested nnth the addition of adenyhc acid, theie was considerable 
phosphorylase activity, indicating the presence of phosphorylase b These 
extracts were added to crj'stalline muscle phosphorylase and polysacchande 
formation from 1-ester nas tested in the absence of adenyhc acid and 
presence of low initial glycogen concentration * 

An example with liver extract is given m Fig 1 In this experiment 20 
mg per cent of glycogen were added to all samples The liver extract 
alone did not form polysacchande and the muscle phosphorylase alone 
showed the type of activity which is charactenstic for low concentrations of 
glycogen' It may be seen that the simultaneous addition of phosphorylase 
and liver extract resulted m an S-shaped curve and that equihbnum was 



Fio 1 Effect of liver extract on activity of muscle phosphorylase All samples 
contained 0 016 m 1 ester, 0 015 m cysteine, and 20 mg per cent of glj cogen, pH 6 7 
Curve A, liver extract alone, diluted 1 20, Curve B, phosphorylase alone, 56 units per 
cc , Curve C, phosphorylase 56 umts per cc plus liver extract diluted 1 20 

reached m 20 mmutes The lodme color of the newly formed pol} saccha- 
ndev as reddish brown, uhereas the lodme color when phosphorylase alone 
was used was pure blue After this or other extracts tv ere heated for 5 
mmutes to 100°, the activatmg effect on muscle phosphoiylase was lost 
Still more stnkmg effects were obtamed when no activatmg glycogen 
was added (Fig 2) In this case neither phosphorylase alone nor heart 
extract alone showed any measurable actintj When phosphorylase was 

* The possibihty that phosphorylase b might be activated by muscle phosphorj lase 
a in the absence of adenylic acid was tested by letting the two ensymes act together in 
the presence of the optimal glycogen concentration No activation of phosphorj lase 
b took place 
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combined with the heart extract, there w as a pronounced mduction penod 
followed by an autocatal 3 rtic curve 



j Fig 2 Effect of heart extract on activity of muscle phosphotylsse 'Ul samples 
^^Contained 0 016 m 1-ester and 0 015 m cysteine, pH 7 , no glycogen was added Curve 
^A, heart extract alone, diluted 1 20, Curve B, phosphorylase alone, 40 umts per cc , 
Curve C, phosphorylase plus heated heart extract Curve D, phosphorjlase 40 umts 
per cc plus unheated heart extract diluted 1 20 



Fig 3 Effect of liver extract at later stages of phosphorylase activity The 
sample contained 0 016 st 1 eater, 0 016 m cysteine, and 20 mg per cent of glycogen, 
pH 7 At the arrow, liver extract, final dilution 1 20, was added to an aliquot of the 
reaction mraure 

The experiment m Fig 1 Mas modified by addmg the hver ex-tract ^ter 
phosphorylase had been allowed to act for some time, so that the rate of the 
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reaction had become very slow (Fig 3) TJiidei these conditions the eSect 
of addition of liver extract was very similar to that of addition of extra 
glycogen in the experiment in Fig 6 of Paper III 
Smce the tissue preparations contamed diastase, it was of mteiest to see 
w’hether serum diastase would reproduce the effect of tissue extiacts on 
phosphorylase Addition of blood serum, in the absence of glycogen, did 
not start phosphorylase activity, in contrast to the effect of tissue extracts 
In the presence of added glj’^cogen, there w as a slight activatmg effect, but 
the concentration of blood serum was rather cntical (Table I) With 10 
mg per cent of glycogen and a 1 100 dilution of rat serum, theie was an 
inhibition of phosphorjdase activit 3 ', with a 1 200 dilution there was a 
transient stimulation, and with a 1 400 dilution there was a slight but 
persistent increase in activity With higher concentrations of gl 3 ’^cogen, the 
stimulatory effect w'as somewhat gi eater, provided the optimal concentra- 

Table I 

Effect of Rat Serum on Activity of Muscle Phosphorylase 
All samples contained 0 016 M 1 ester, 0 015 m cysteine, and 10 mg per cent of gly 
cogen 




Per cent 1 ester converted 


Time 

Without serum j 

1 Dilution of added erum 


1 100 

! 200 1 

1 

1 400 

min 

5 

21 6 

16 4 

20 2 

20 5 

10 

24 3 

16 6 

30 3 

27 0 

20 

32 6 

17 0 

29 7 

38 8 







tion of blood seiaim was chosen An example is given m Fig 4 which 
represents the largest effect with blood serum observed so far It ma 3 be 
seen that Fig 4 differs markedly from Fig 1, both wuth respect to the 
magnitude of the effect and the type of curve which is obtained Effects 
similar to those shown m Fig 4 were also obtained with greatly diluted 
solutions of sahvai 3 '^ diastase 

The effects of diastase ma 3 ' be pictured as follow'S If too much serum is 
added, the diastase breaks dowm the activating glycogen and phosphor 3 lase 
activity IS inhibited Withm a narrow range of concentrations, however, 
diastase actually restores some of the ongmally present “activmtmg” end- 
groups of the added gl 3 cogen by sphttmg off the newly formed long chains 
of glucose residues An autocatalytic t 3 rpe of curve is not produced, 
because the addition of diastase does not lead to the formation of addi- 
tional poh^sacchande w hich activ ates phosphor 3 lase This is supported by 
the fact that no activatmg poWsacchande could be obtamed bv letting 
serum diastase act on the amylose fraction of natural starch 
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The e\penments reported m this paper show that when muscle phos 
phorjlase is combmed with a supplementary enzyme which is present in 
liver and heart extracts, an activating type of polysaccharide is formed 
This polysaccharide was isolated in order to compare its activating power 
with that of glycogen 

A mixture containing 1-ester (22 mg as glucose), muscle phosphoiylase, 
supplementary enzyme from rabbit heart, and 0 2 mg of glycogen in 8 cc 
was mcubated at 25° for 1 hour, 53 per cent of the 1-ester was spht cor- 
responding to the formation of 11 6 mg of polysaccharide The mixture 
was frozen and then centrifuged at 5° until the ice had melted The pre- 



Fig 4 Effect of addition of blood serum on activity of muscle phosphorylase All 
samples contained 0 016 m I ester, 0 015 m cysteine, and 20 mg per cent of glycogen, 
pH 6 8 Curve A, phosphorylase alone. Curve B, phosphoiylase plus rat serum, 
diluted I 200 

cipitate, containing polysaccharide which gave a blue color with iodine, was 
discarded and the supernatant fluid precipitated with alcohol, after the 
precipitate was taken up with water, insoluble matenal (protem) was dis 
carded The alcohol precipitation was repeated twice, 5 8 mg of poly- 
saccharide were recovered In a concentration of 30 mg per 100 cc of 
reaction mixture this potysacchande had a somewhat greater activating 
power for muscle phosphorylase than an equal concentration of hver gly- 
cogen In another expenment (in which the ratio of muscle phosphorylase 
to supplementary enzyme was vaned) the activatmg power was less than 
that of glycogen Further work seems necessary before the identity of this 
activating polysacchande with glycogen can be estabhshed 
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The question of the sequence of action of phosphorylase and the supple- 
mentary enzyme was investigated as follows Amylose formed by muscle or 
potato phosphorylase in vitro and amylose isolated from natural starch w ere 
mcubated with heart extract contammg the supplementary enz 3 Tne After 
varying penods of incubation, ahquots of the mixture were heated to destroy 
the enzyme and tested for the presence of activatmg polysacchande by 
adding them to muscle phosphorjdase, no activatmg polysacchande could 
be detected This suggests that phosphor 3 dase and the supplementaiy 
enzyme must act simultaneously m order to produce an activatmg poly- 
sacchande 

The nature of the supplementary enz 3 'me has not been established It 
might be another type of phosphorylase which can make 1 6 glucosidic 
linkages or it might be an enzyme related to the diastases It seems fairly 
certain, how ever, that the diastase present in blood serum does not repro- 
duce the effect obtained w'lth liver or heart extracts 

SUMMARY 

1 Muscle phosphorylase when actmg alone converts glucose-l-phosphate 
to a polysaccharide which closely resembles the amylose fraction of natural 
starch, and consists of an unbranched cham of glucose residues m 1 4 
linkage 

2 The simultaneous action of muscle phosphorylase and a supplementaiy 
enzyme obtamed from heart or liver results in the formation of a polysac- 
chande which resembles glycogen 

3 The theoiy is presented that the foimation of a branched type of 
polysacchande (glycogen m animal tissues, amylopectm m plant tissues) is 
the result of the action of two enzymes 
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In a prehminarj' gioup of experiments, which have been previously re 
ported in bnef (3), a study was made of the uptake of radioactive phos- 
phorus by morganic and organic phosphate compounds of cardiac muscle 
shoes metabohzmg at different levels of R Q A rapid uptake of radioactiv- 
ity by the vaiious phosphate compounds of the tissue was observed and 
found to be of the same magnitude whether carbohydrate or fat w'as being 
oxidized as judged from the r q How'ever, the data obtained w'ere not sus- 
ceptible to a strict quantitative interpretation because of the lack of certain 
fundamental information, m particulai, with lespect to the concentration 
and radioactivity of the mtra- and extracellular fractions of the tissue inor- 
ganic phosphate Although it was felt that the intracellular morganic 
phosphate w^as the direct donator of radioactive phosphorus to the organic 
phosphate compounds, the available data only peimitted a comparison of 
their uptake of radioactn ity w’lth that of the total tissue inoiganic phos 
phate 

This necessary information was piovided m the present experiments by a 
washmg procedure which made possible separate analyses of the concen- 
tration and radioactivity of the extra- and intiacellular fractions of the 
tissue morgamc phosphate This piocedure, along with others which were 
developed, revealed a marked difference in the uptake of radioactivity by' 
these two portions of the tissue morgamc phosphate They also provided 
evidence that the mtracellulai portion is the direct donator of phosphate to 
the organic phosphate compounds of the tissue, and that the quantitative 
turnover of phosphate through adenosme triphosphate and creatine phos- 
phate m suivivmg caidiac tissue of the dog can be explained in accordance 
with modem concepts of the relation between phosphorylation and 
oxidation 

* Aided by a grant from the Carnegie Corporation of Xen York Prcscnltd in 
part before the American Physiological Society , 1942 (1, 2) The radioacti\c phos 
phorus used in these experiments w as generously furnished by Dr John H Laurence 
of the Radiation Laboratory of the University of California 
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Methods 

TTcatment of Tissue The cardiac tissue was obtained from normal dogs 
under nembutal anesthesia Shces from the left ventncle about 0 5 mm 
thick were aerated at room temperature in Ringer’s solution ivith oxygen 
for 20 or 30 minutes, changes of the Rmger’s solution being made every 10 
minutes The slices Mere then transferred to an Erlenmeyer flask for 
equilibration m a Rmger-M/75 PO 4 medium of pH 7 4 About 25 cc of 
medium were used for every 4 gm of tissue m a flask of 10 times the volume 
of the medium The tissue was equilibrated m the Ringer-POi medium 
under an atmosphere of oxygen at 37 5° by shakmg in a Warburg bath for 
J hour (unless otherwise noted) 

After the penod of equilibration, radioactive P (P*) was added to the 
medium in the form of m/ 75 sodium phosphate (pH 7 4) in isotomc NaCl 
solution The tissue w'as then allowed to meubate in this medium under 
the same conditions as in the equilibration for the desired length of time 
Folloivmg mcubation, tissue and medium were chilled to 2° and the rest of 
the procedure through the freezing of the tissue was earned out at that 
temperature m a cold room In some experiments mcubation was also 
carried out at 2 ° in a cold room, the tissue and medium being chilled in an 
ice bath immediately after the equihbration and before the addition of P*0< 

The first sample of tissue for analysis was taken after incubation and 
chillmg This was rapidly transferred to a small wire sieve and freed of 
adhenng medium with three nnses of cold Ringer’s solution It was then 
immediately dned between two layers of towel, weighed, and dropped into 
a freezing mixture of dry ice and ether The wet weight of each sample 
taken was generally about 4 gm 

The remainmg tissue shces were then subjected to a thorough washing 
mth phosphate-free Ringer’s solution to remove the easily diffusible (extra- 
cellular) phosphate The slices were continuously shaken throughout the 
washmg, the Ringer’s solution bemg replaced at intervals by 300 
cc of fresh solution Samples of tissue were removed at desired 
intervals, and wuthout further rinsing, were dried, w'eighed, and frozen 

For the extraction of the acid-soluble phosphates from the samples, each 
sample w^as first pulverized m the frozen state by means of an apparatus 
desenbed by Graeser et al (4) The pulvenzed frozen sample was mixed 
with ice cold 5 per cent tiichloroacetic acid in a 100 cc , stoppered, grad- 
uated cylinder to a total volume of 51 cc (amounting to 50 cc of fluid, on 
the basis of about 1 gm of solids for every 4 gm of tissue) This extraction 
mix-ture was shaken vigorously at intervals of several mmutes over a penod 
of J hour It was then filtered m the ice box through a Whatman No 

^^%emical Procedures— The tncUoroacetic acid extracts were generally 
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analyzed for inorganic phosphate, the phosphate of creatine phosphate, and 
the labile phosphate of adenyl p3TOphosphate In some expermients, the 
remamder of the orgamc acid-soluble phosphate, called here “residual 
phosphate,” was also determined 

Tw 0 10 cc aliquots of the freshly filtered, cold tnchloroacetic acid filtrate 
were added to standard 15 ce conical centrifuge tubes, which were used 
throughout this studj' for the precipitation of the phosphate fractions To 
each ahquot was added 0 6 cc of concentrated NH4OH and 1 0 cc of a 
15 per cent solution of Mg(N03)2 6H2O The precipitation of the morgamc 
phosphate (IP) of the extract as MgNEUPOi was mitiated by vigorous 
stimng mth a glass rod Precipitation was generally allowed to contmue 
overnight m the ice box, although a few hours of standmg appear to suffice 
for its completion The MgNH4P04 was then separated from the super- 
natant fluid by centrifugation, washed tmce with 3 cc portions of dilute 
NH4OH (1 10), and allowed to dram It was then dissolved m 1 cc of 
0 1 N HCl, and made up to 10 cc with water 

To 10 cc of the supernatant fluid from the MgNH4P04 precipitate there 
were added, at room temperature, 0 3 cc of concentrated HNOj and 3 4 
cc of Embden’s strj'chnme molybdate reagent (5), the components of which 
had been mixed at least 1 day previously This acidified reagent split off 
the phosphate from the creatine phosphate (CP) and brought about its 
immediate precipitation as strychmne phosphomolybdate Centrifuga- 
tion vas generally earned out 15 mmutes after addition of the reagent, 
although precipitation is complete withm 10 mmutes After centrifuga- 
tion, the precipitate was washed once wth 4 cc of uater, allowed to dram, 
dissolved m the minimal amount of 1 per cent NaOH, and brought to 10 
cc with water 

Dunng the splitting of CP at room temperature, only an msigmficant 
amount of adenyl pyrophosphate (APP) is simultaneously hydrolyzed To 
split the labile phosphate from the APP, a tube contaming 10 cc of the 
supernatant fluid from the precipitation of the phosphate of CP was 
placed m a boilmg w ater bath for 5 mmutes and then cooled m cold wnter 
The split labile phosphate from the APP was precipitated dunng this pro- 
cedure, probably largely as ammonium, rather than strjnhnme, phos- 
phomolybdate because of the degradation of strychnine dunng the heating 
The precipitate was then treated in the same way as the precipitate of the 
CP phosphate 

In expenmen ts in which residual phosphate was also determined, 5 cc 
of the supernatant fluid from the precipitation of phosphate of APP were 
ashed with 0 4 cc of concentrated sulfunc acid m a 30 cc Pjtcx test-tube 
over a micro burner As m the Con procedure (6), H«0 was used to com- 
plete oxidation and a final boilmg with added water (2 cc ) was emplojed to 
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split any pyrophosphate or metaphosphate formed After cooling, the 
solution nas transferred mth tno 2 cc nashmgs to a 15 cc conical centn 
fuge tube There it vas neutralized mth NaOH (40 per cent followed by 
1 per cent), cooled, and mixed with one-third of its volume of strychmne 
molybdate reagent The stiychnme phosphomolybdate precipitate formed 
was centrifuged donn after 10 minutes and treated similarly to the pre 
cipitate of the CP phosphate 

The vanous phosphate fractions, after bemg separated and made to vol 
lime m solution, were then ready foi cheimcal and radioactivity analj-ses 
The chemical analyses for phosphorus were earned out by the method of 
Dyer and Wrenshall (7), with small modifications ivorked out by Dr S B 
Baiker, formeily of this laboratoij The colonmeter measurements were 
made mth an Evelyn photoelectnc colonmeter, with a 660 ma filter Anal 
yses on the IP phosphate fractions were earned out on aliquots containing 
10 to 20 7 of P, for the other phosphate fractions aliquots containmg 3 5 
to 7 7 w'ere used, since the strychnine present tended to cause clouding 
during the coloi development if over 7 7 of P were present The strychnine 
phosphomolybdate precipitates also gave a yellow color to their solutions, 
which, however, did not mterfere wnth the measurements of the mtensity 
of the ceruleomolybdate color 

The vahdity of the method employed for the separation of phosphate 
fractions in tissue W'as checked thoroughly as follows (1) by companson 
of the analyses by this method and by established methods for IP, CP, 
APP, and residual phosphate both m cardiac muscle extracts and in solu 
tions of known composition, ( 2 ) by recovery analyses on cardiac muscle 
extracts wuth known amounts of added IP, CP, and APP The purpose of 
this method w as to permit the separation of the different phosphate frac- 
tions so that they could be analyzed mdividually both for concentration and 
for radioactivity It is similar in part to the method of Sacks ( 8 ) who used 
ammonium molybdate rather than strychnine molybdate as a precipitating 
agent 

One difference between the method desenbed and conventional methods 
IS the more rapid completion of the hydrolyses of CP and AP P This is due 
to the higher concentration of acid emploved for hydrolysis 1 he complete- 
ness of the APP hydrolj^sis after 5 minutes is evident from Fig 1, w’hich il 
lustrates a typical experiment The msigmficant slope of the curve after 
5 imnutes also excludes the presence of appreciable amounts of hexose 

diphosphate (9) , 

No attempt has been made here to separate the individual component 
the residual phosphate fraction In a previous report (3), it was mcor- 
rectly assumed that m cardiac muscle 80 per cent of this fraction, exc usive 
of its adenvhc acid, w as hexose monophosphate This w as based on resu 
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obtained mth the Con procedure for separating hexose monophosphate 
from skeletal muscle The different results obtained ivith this procedure on 
cardiac and skeletal muscles were pointed out to us by Di G Con At 
her suggestion the reducing power and P content of the hexose monophos- 
phate from cardiac muscle were investigated m this laboratory inth Dr 
S B Barker It v as found that very little of this fraction is actually hexose 

monophosphate Its exact composition has not, as yet, been determined 
Tiadioactivity Measurements — The radioactive phosphorus was kindly 
furnished us by Dr John H Lawrence of the Radiation Laboratory of the 
University of Cahforma It i\as received m the form of a solution of 
NazHPOi which was then converted to m/75 phosphate of pH 7 4 in isotonic 
NaCl solution The amount of activity added per 25 cc of medium for 
incubation vas generally about 35 to 40 microcunes, or about 1,500,000 



Fio 1 Typical hydrolysis curve of adenjl pyrophosphate in presence of acidified 
strychnine molybdate reagent 

counts per mmute on our counter This amount was usually contained in 
0 5 to 2 5 cc of the m/ 75 phosphate solution, the volume varjnng mth the 
strength of the radioactivity 

The amount of activity used was too little to cause any mjury to the 
tissue Cardiac slices mcubated with the usual amount of P*Oi shoved no 
significant differences from shces incubated vuthout P^O^ mth respect to 
Qott ®^d concentrations of different phosphate fractions Slices m- 
cubated ivith as much as 3 times the usual amount of P*Oi or vith as little 
as one-tenth of it showed no significant differences in lelativc actmties and 
concentrations of the phosphate fractions from slices incubated inth the 
usual amount of P*0« 

One aspect of the preparation of the P*0< solution for use should be 
stiessed Anymorganicpyrophosphate contained in the P*Oi sampleshould 
first be converted to morganic orthophosphate Most of the P*0< samples 
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received from the Radiation Laboratory of the Umversit}'' of California have 
contained small percentages of pyrophosphate along \vith the orthophos 
phate If such samples are used in experiments such as those reported here, 
some inorgamc pyrophosphate penetrates the tissue and eventually appears 
m the orgamc APP fraction Although, as a contammant, it does not add 
much to the total P concentration of this fraction, it raises its specific 
radioactivity disproportionatelj’' This contammation ivith morganic 
pjTOphosphate ivas not appreciated until after the publication of the first 
radioactivity study from this laboratory (3), and as a consequence the 
values reported for the specific activity of the APP fraction were generally 
too high 

For all subsequent work, however, the P *04 samples were heated in a 
water bath for a sufficient period with HCl to convert any moigamc pyro- 
phosphate present to orthophosphate The amount of HCl used ivas ad- 
justed so that the subsequent dilution and pH adjustment (to 7 4) of the 
P *04 sample with NaOH left a solution also isotomc with respect to NaCl 

The radioactivity measurements were made wnth a scale-of-four Geiger- 
Mviller counter built by Dr William Bale of the Department of Radi- 
ology, Strong Memonal Hospital, Rochester, New York The counter tube 
was the “dippmg” type designed by Bale et al (10) Ihe same solutions 
of the phosphate fractions used for P analyses were used for radioactivity 
lyses Corrections for radioactivity decay ivere all made back to noon 
jf the day of tissue incubation Dilutions weie made when necessary so 
that the solutions apphed to the counter tube would not give more than 200 
counts per minute Trial expenments showed that for the same amount 
of P* 04 , activity and concentration analyses gave the same results whether 
the P*04 solutions ivere made from precipitates of MgNHiPOj, stiych- 
nme phosphomolybdate, or ammonium phosphomolybdate 

A small correction was regularly made in calculatmg the activity and 
concentration of the CP fraction It was based on the fact that about 
1 1 per cent of IP is left behmd by the MgNHjPO^ precipitation and is later 
precipitated along wnth the CP phosphate as strychnine phosphomoljbdate 

To facilitate comparison of results in any senes of expenments reported 
here, specific radioactivities (counts per minute pei unit weight of P) m 
each expenment are expressed as relative rather than absolute specific 
activities, that is, they are expressed as percentages of the absolute activity 
of one fraction taken as 100 


Results 

Dislribuiton of Inorganic Phosphate of Excised Cardiac Tissue between 
Extracellular and Intracelluhr Fluid-By means of the washing technique 
descnbed above, it has been found possible to separate the morgamc p o 
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phate (IP) of cardiac tissue slices into an easily diffusible fraction, which 
could be readily washed out of the slices, and a very poorly diffusible frac- 
tion, which was retained despite prolonged washing The easily diffusible 
fraction (hereafter called IPi) could be completely washed out of the tissue 
m 1 hour, the remammg poorly diffusible or “bound” fraction (hereafter 
called IPo) could not be decreased by more than a few per cent with further 
washing for an hour 

After a standard incubation in m/75 phosphate-Ringer’s solution, about 
30 to 40 per cent of the total IP of the tissue consisted of the easily diffusible 
IPi fraction The specific radioactivities of IPi and IPo also proved to be 
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Fig 2 Effect of washing in phosphate-free Ringer's solution on concentration and 
specific activity of inorganic phosphate of cardiac slices incubated at 2’ in m/75 
phosphate for 30 minutes Specific activities of IP left in tissue are given relative to 
the specific activity of the total IP in tissue before washing taken as 100 The curve 
is the theoretical diffusion curve of form C = Coe~^' 


quite different, that of IPi was always much greater than IP- even after 
several hours of mcubation with P *04 
The effects of the washing procedure on the concentration and specific 
activity of the IP fractions of cardiac slices are illustrated in Fig 2 In- 
cubation vath P^Oi vas earned out at 2° for 30 mmutes, m the subsequent 
washmg changes of phosphate-free Ringer’s solution vere made after each 
nathdrawal of tissue The easily diffusible fraction, IPi, decreased rapidlj 
at the beginning of v ashing and practically all of it had left the tissue mthin 
an hour The decrease of the IPi concentration m the tissue \nth washmg 
caused a simultaneous decrease in the specific activity of the IP fraction 
vhich remamed This specific activity reached a mimmum level when all 
the IPi had been washed out This level represents the specific activity of 
the poorly diffusible or “bound” fraction, IPj 
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A second set of experiments was earned out, with the same techmque but 
incubation of the tissues wth P *04 at 37 6° to mcrease metabolic activity 
Dunng the u ashing piocess, changes of Ringer’s solution were made every 
15 minutes The results of these experiments are given m Table I De- 
creases Mere again observed in concentration and specific activity of the 
IP remaining m the tissue after the IPi fraction vas washed out In Kx- 
penments 4 and 7 the washing procedure was prolonged beyond 60 imnutes 
In Experiment 4, uasliing for 75 minutes caused nosignificant change m either 
concentration or activity of the IP fraction from that observed at 60 min- 
utes In Experiment 7, hoivever, prolongation of the washing for 90 mm- 
utes resulted m an mcrease in the IP concentration and a lovenng of its 
specific activity as compared with the values at 60 imnutes If these dif- 


Tabi.e 1 


Effect of Washing on Concentration and Specific Activity of Inorganic Phosphate of 
Cardiac Slices after Incubation in Rtnger-u/7S P*Oi at S7 5° 


Experiment 

No 

Length of 
incubation 

Washing time 

P before washing 

Change m concentra 
tion on washing 

Change in 
specific activity 
on washing 


mtn 

mtn 

mg per ctni 

per cent 

Per cent 

1 

30 

60 

35 7 

-33 

-68 4 

2 

30 

60 

31 6 

-20 

-64 6 

3 

30 

60 

31 4 

-34 

-46 0 

4 

30 

60 

32 5 

-40 

-67 3 



76 

32 6 

-40 

-69 7 

5 

90 , 

60 

33 2 

-29 

-35 9 

6 

90 

60 

33 6 

-42 

-43 7 

7 

90 

60 

36 8 

-37 

-41 6 



90 

36 8 

-34 

-47 6 

Mean ± r E m 

33 5 ± 0 62 

-34 3 ± 1 73 



ferences are significant, they may have originated from the splitting of small 
amounts of tissue organic phosphates of low specific activity to IP dunng 
the prolongation of vashmg 

From the activity and concentration of the tissue IP before and aftei a 
penod of uashmg, the specific activity of the IP washed out (that is, IPj) 
during that period v as calculated, and compared mth the specific activity 
of the IP of the incubation medium The results of these experiments are 
given in Table II The specific actnities of the total IP of the unwashed 
tissue and of the IPs fraction after ii ashing nere considerably lower than 
that of the IP of the incubation medium, nhereas the specific activity o 
TP, IS eencialh inthin 10 per cent of it (except foi one unusually low value 
of 56 per cent, probably the result of expeiimental error) These resu s 
indicate that after 30 minutes incubation mth P*Oi the specific activity 
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extracellular IP (IPi) reached that of the medium IP, indeed, earher expen- 
ments not reported here mdieate that IPi may attain the specific activity 
of the IP of the medium after as short an exposure to P *04 as 10 minutes at 
37 5° Apparently the easy diffusibihty of IPi permits it to come into rapid 
equilibnum mth the IP of the medium 
These experiments (Table II) also -serve to show the influence of tem- 
perature and the length of mcubation on the specific activity of the IP 2 
fraction of the tissue At 37 5°, about 4 tunes as much activity enters this 
fraction durmg a 30 mmute mcubation as at 2“ A 90 mmute mcubation 
at 37 5° causes a defimte mcrease m specific actmty over that of a 30 min- 
ute mcubation penod The imphcations of these phenomena ivill be dis- 
cussed later 

Table II 

Influence of Temperature and Duration of Incubation in Kinger-iijlB P*0i on Relative 
Specific Activities of Various Inorganic Phosphate Fractions 


The specific activity of IP of the medium is taken as 100 


I^^th of mcuba i 
tion j 

Temperature of 
mcubation 

Relative speci6c activities 

Total IP of un 
nabbed tissue 

Diffusible IP 
(IPi) 

Non diffusible IP 
(IPj) 

mtn 

C 

1 

! 


30 

2 1 

25 

101 

5 

30 

2 

25 

56 

5 

30 

2 

28 

95 

2 

30 

37 5 

46 

91 1 

19 

30 

37 5 

56 

107 

17 

30 

37 5 

55 

112 

24 

90 

37 5 

52 

94 

33 

90 

37 5 

65 

104 

37 

90 

37 5 

51 

94 

26 


Effect of Washing Procedure on Concentration and Specific Actnilies of 
Creatine Phosphate and Adenyl Pyrophosphate Fractions — In addition to 
IP measuiements m the experiments listed in Table I, the concentrations 
and specific actmties of the creatme phosphate (CP) and aden 3 1 pjTophos- 
phate (APP) fractions vere also deteimined befoie and after the v ashing 
process The results are summaiized m Table III Ceitam differences 
Mere noted between the behavior of the IP, CP, and APP fractions on 
washmg As has alreadj'^ been noted and shoira m Table I, the total inor- 
gamc fraction (IP) decreased markedl 3 '’ m both total concentration and 
specific activit 3 The CP phosphate ecreased to about the same ex-tent 
m concentration, but its specific acti\at 3 ’^ did not change significanth 
from the value prior to v ashing Unlike the IP, therefore, the CP in the 
tissue appears to be homogeneous as to specific actu it\ It still remains 
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to bo dctonninGcl ■wbGtbcr ibo CP lost hi tbo wflsiung procGdurc is hy- 
drolyzed and diffuses out of the tissues or whether it diffuses out as such 
The APF phosphate is decreased shghtly on the average dunng the 
washing procedure both m concentration and specific activity In m 
dividual experiments, however, these changes are often too small to be of 
significance It is suggested that such significant decreases as occur are 
due to the splittmg of small amounts of the terminal labile phosphate 
group of the adenosine tnphosphate of the APP fraction dunng the washing 
How this could cause a decrease m the specific activity as well as the con 
centration of this fraction will become apparent later m this paper 

Table IH 

Sffecl of Washing for 1 Hour on Concentralton and Specific Activity of Crealtne 
Phosphate and Labile Phosphate of Adenyl Pyrophosphate of Cardiac Slices 
after Incubation in Ringer-sr/IB P*0, at S7 6° 





CP 



Apr 


Expen 
ment No 

Lcneth of 

inCUDtltlOD 

P before 
washing 

Change m 
concentra 
ttOQ on 
washing 

Change m 
specific 
acavity on 
tntskhg 

P before 
washing 

Change in 
concentra 
tion on 
washing 

Change m 
specific 

activity on 

washing 



fw/f ferctnt 


Per eent 

mg per etui 

Per eent 

per ctnt 

1 


16 7 


-2 5 

11 1 

-0 2 

-11 7 

2 


12 7 


-4 8 

7 3 

+^ 9 

-11 8 

3 


19 3 

-28 

-3 0 

11 4 

-6 3 

+1 8 

4 


14 2 

-24 

+8 4 

9 1 

-3 9 

+2 9 

5 


15 1 

-42 

+2 1 

11 6 

-12 1 

-5 3 

6 


14 2 


+0 6 

9 6 

+2 C 

-7 3 

7 


18 8 

-24 

-2 0 

11 I 

-3 I 

-8 S 

Mean ± p e m 

16 9 
±0 63 

-32 
±2 92 

-0 17 
±0 11 

Bi 

-2 2 
±0 16 

-4 4 
±0 16 


The data obtained m these expenments were then considered in terms 
of the relationship between the specific activities of CP and APP and those 
of the IP fractions, smee this relationship might give mdication of the 
amount and direction of phosphate turnover from IP through the organic 
phosphate fmctions The data shomng this relationship for tuo typical 
expenments have been assembled in Table IV, and show again the effect of 
washmg on concentration and specific activities of the phosphate fractions 
noted abo\ e The significant new coirelation is that m these expenments 
m which mcubation with P*Oj w'as earned out at 37 5°, the specific activity 
of the CP phosphate is equal to that of the IP remoming in the tissue after 
washmg, that is, it is equal to that of the intracellular IPj Table v, 
which includes all the expenments of this group, shows the consistency 
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of this equahty The values are all expressed relative to the specific 
activities of IP 2 


Table IV 

Effect of Washing on Concentrations and Specific Activities of Inorganic Phosphate, 
Creatine Phosphate, and Adenyl Pyrophosphate after Incubation in 
Ringer-uflB P*0. at S7 B° 


The specific activity of IP of the medium is taken as 100 


Experi 
meat No 

Time of 
washing 

IP 


APP 

^ Specific 
activity 

' CoDcentra 
tion 

Specific 

activity 

Concentra ' 
tion 

Specific 

activity 

Concentra 

tion 


min 


mg per cent P 


mg Per cent P 


mg per centP 

5 


62 

33 2 

32 

15 1 

27 

11 6 



33 

23 5 

33 

8 8 

26 

10 2 

6 


66 

33 6 

37 

14 2 

29 

9 5 



37 

19 4 

37 

11 4 

27 

9 7 


Table V 

Relative Specific Activities of Various Acid-Soluble Organic Phosphate Fractions after 
Incubation in Ringer-M/7B P*Ot at S7 B° 

The intracellular IP is taken as 100 



1 

1 Relative specific activities 

Experiment No 

Length of incubation 



CP 

1 Labile phosphate of APP 


mim 



1 

30 

103 

78 

2 

30 

97 

71 


30 

98 

03 

4 ' 

30 

101 

69 

Average 

100 3 

70 3 

6 

90 

97 

82 

b 

90 

101 

77 

7 

90 

97 

1 75 

Average 

98 3 

78 0 


The average relative specific activitj for residual P as found in earlier e\pcn 
ments is about 25 


The relative specific activity of the labile phosphate of the APP was, 
how ever, alw ays less than that of the tw o other fractions After 30 minutes 
incubation, the activity of the labile phosphate was about 70 per cent, 
and after 90 inmutes mcubation about 80 per cent, of the rcspectne IPj 
values This labile pyrophosphate fraction in excised cardiac muscle 
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has been shown to consist of a mixture of labile phosphate from both 
adenosine tnphosphate and adenosme diphosphate (11) Certam un- 
published obsen^ations of our own confirm this earher finding On finding 
that the specific activity of the labile phosphate of the APP in expenments 
such as are descnbed here nas lower than the specific actmties of the 
CP and the intracellular morgamc phosphate, we considered the possibility 
that the total pyrophosphate fraction contained phosphorus of both high 
and low specific activities In particular, it was thought that perhaps 
the terminal labile phosphate of the adenosine tnphosphate present in the 
pjTophosphate imxture might have the same specific activity as the CP, 
since, accordmg to modem concepts, this temunal phosphate is m a rapid 
equdibnum exchange reaction mth the phosphate of CP The problem 
therefore presented itself of determimng separately the specific activity 
of the terminal phosphate of adenosine tnphosphate 

Determinaiion of Specific Activity of Terminal Labile Phosphate of Adeno- 
sine Tnphosphate Present m Adenyl Pyrophosphate Fraction~The method 
used for detemunmg the specific activity of the temunal phosphate group 
of adenosme tnphosphate m the pyrophosphate fraction was based on the 
I 1 1 '^ of Lohmann (12) that crayfish muscle, i\ ashed free of magnesium 
jns, was able to split off the temunal but not the second phosphate of 
adenosme triphosphate An enzymatic muscle suspension containing 30 
gm m 150 cc vas made from the claw muscles of a lobster according to 
Lohmann’s directions This suspension, however, was found to split 
both labile phosphates from adenosine tnphosphate Apparently furthei 
M ashing was necessary to free it of magnesium The folloumg procedure 
lesulted m a successful preparation The lobstei muscle contained iii 
2 cc of the above suspension was washed tliree times with 10 cc portions 
of 0 45 pel cent KCl and then w itli 10 cc of distilled water, with thorougli 
mixing of muscle and washing fluid between centrifugations After the 
final centrifugation, the muscle was resuspended to a volume of 2 cc and 
10 cc of the solution containing the adenosme tnphosphate added The 
mixture was allowed to mcubate, with stirnng, at room temperature and 
the muscle then centrifuged down Control analyses wath adenosine 
tnphosphate' showed that all of the temunal phosphate (about 100 y 
of P) w as spht off in 5 minutes and that further mcubation up to 20 nunufes 
caused no liberation of the second labile phosphate The second labm 
phosphate, however, w'as hberated completely if magnesium was add 
to the lobstei muscle preparation 

Three radioactmty expenments with tissue were then earned ou y 


' The barium salt of adenosine tnphosphate was kindly furnished ® ^ 

Colow ick of Washington Umversitj School of Medicine, and was converted by 
into a solution of sodium salt 
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means of this method to detenmne the specific actmty of the terminal 
phosphate of adenosine tnphosphate m the APP fraction About 15 gm 
of cardiac tissue n ere emplo\ ed m each expenment Thej were incubated 
m the usual fashion for 30 nunutes mth radioactive phosphorus, washed 
for GO nunutes with change of Ringer’s solution every 15 minutes, and 
eilracted with 5 per cent trichloroacetic acid In each expenment one 
pool was made of the acid extracts of the washed tissues On two 10 cc 
ahquots of the pooled extract, determmations of IP: (mtracellular IP), 
CP, and APP were made m the usual fashion A larger portion of the 
poo’ed extract (40 cc m one expenment, 105 cc m the other two) was put 
through the Con procedure (6) for precipitation of the banum salts of the 
IP and APP fractions The precipitation was earned out twice, followed 
each tune bx washmg with water and redissohmg m a small quantity of 
001 M HCl The banum vas removed from the final solution with a 
sodium sulfate solution and the acid neutralized with dflute XaOH The 
final volume was made up to about half of the onginal volume of the 
*.cid extract 

From the resulhng solution (containing the sodium salts of IP, adenosine 
diphosphate, and adenosme tnphosphate), 10 cc ahquots were taken for 
determmmg the change m concentration and actmty of the APP fraction 
on mcubation with the washed lobster muscle preparation Thex were 
meubated for 5 or 10 mmutes xnth washed lobster muscle, centrifuged, 
and the supernatant fluids fractionated for IP and APP labile phosphate 
The ahquots used as controls were fractionated directlx for IP and APP 
labSe phiKphate, except m one expenment when they were first meubated 
inth a heat-inactixated lobster muscle preparation 

The results of the analxaes for the concentration and the radioactmtx 
of the labile pheephate of the APP fraction are assembled m Table ^T 
From the decrease m concentration and specific activity of the APP 
fraction after this procedure, the specific activities of the ter m inal phosphate 
of the adenosme tnphosphate, split off dunng mcubation, could be cal- 
culated. Th^ activities are given m Column c In Column f, the specific 
actixibes of CP, of the terminal phosphate of the adenosme tnphosphate 
of the APP fraction, and of the unhbeiated labile phosphate of the APP 
are all pven relatix-e to that of IP- taken as 100 It will be noted that 
the specific activities of the phosphates of IP: and CP and the terminal 
phosphate of the adencEme tnphosphate m the APP fraction are nov 
identical 

It 15 also apparent from Table M that the pxTophosphate fraction 

The p-ecipitatton o'' the IP here differed from tte p-ecipifation from the 
t-icUo-oacetic acid extracts m that 0.3 cc of concentrated 'yiLOH, 1 cc o' 3 s 
KHjXO,, and 1 cc o' 15 pe- cent XfgCXOi) 6H O were added to each 10 cc aliquo' 
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obtained from cardiac slices contains considerable labile phosphate in 
addition to that which can be accounted for by the adenosine triphosphate 
present Undoubtedly a large part of this extra labile phosphate is present 
in adenosme diphosphate, as was found in excised heart muscle by Loh- 
mann and Schuster (11) One additional observation which bears out 
this contention may be noted An aliquot from the pyrophosphate of 
Experiment 10, Table VI, was incubated with lobster muscle plus 22 mg 
of Mg(NOs)2 6HaO to permit the liberation of labile phosphate of adenosme 
diphosphate ongmally present or formed during mcubation’ By this 


Table VI 

ExpertmenU to Determine Specific Acltvtly of Terminal Labile Phosphate of Adenosine 
Triphosphate in Adenyl Pyrophosphate (APP) Fraction of Cardiac 
Slices after 30 Minutes Incubation with P'O, at S7 5° 


Ex ' 
neri ! 

t ' 

Specific 
activity 
of intra 
ceftufar 

IP (IPO , 

Specific 
activity, 
of CP ' 

Labile P from APP 
in 10 cc solution 
before incubation . 
with washed lobster ' 
muscle 1 

Labile P from APP 
in 10 cc solution 
after incubation 
with washed 
lobster muscle 

t W 


(« j 








fo) 



(c) 



W 



1 

counfs < 
per mm 
' per T 

coimls 

per 

min 

pery 

1 counts 
; Per i 

' fflfrt 1 

-fO/P 

per 

mtn 

Pery 

counts 

per 

mtn 

yofPl 

COWrtlj 

per 

mtn 

pery 

8t 

17 2 

16 9 

073 


10 2 

428 

51 5 1 

8 3 

9 

27 6 

28 2 



IS 7 

1354 

96 6 


m 

16 6 

17 3 


BE 

12 2 

688 


9 2 


Calcu 

lated 

specific 

activity 

of 

terminal 

Pof 

APPt 

U) 


c&unlf 
per mm 
per r 

16 9 
27 9 
16 8 


Relative specific actiiitles 

W 


IPi 


100 

100 

100 


CP 


98 

102 

103 


Ter 

minal 

Pof 

APP 


98 

lOl 

100 


Re- 

msin 

inf 

labile 

Pof 

APP 


149 2 
|49 6 
153 1 


10 minutes 

t Sample calculation (Experiment 8) for Column e specific activity of terminal r 
(counts per min from Column c) — (counts per min from Column d) 
of APP p Column c) — (7 of P from Column d) 


C73 - 428 


= 16 9 


66 0 - 51 5 , , f 1 

t Duplicate aliquots were not used in this experiment because of lacR of materi 
§ Controls here u ere incubated w ith a heat-inactivated lobster muscle suspension 


procedure 90 per cent of the total labile phosphate of the pyrophosphate 
fraction was liberated as IP in 45 minutes 

Effect of Incubation at 2° on Distnbnlion of Radioactive Phosphate 
Actd-SoluUe Phosphate Fractions of Cardiac "Shccs— Incubations a 
were earned out to see whether the reduction in metabolism brought 

•Myosin may be the phosphatase for the terminal phosphate f ‘j^'eSen 

puts (13) This phosphatase, acting in pbos 

»yme. magnesium, appears to participate in the reaction by which the 
phate of adenosine diphosphate is liberated (14) 
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at this loM temperature might affect the relative specific activities of the 
acid-soluble phosphate compounds of cardiac slices The results of such 
incubations are given m Table VII In this table, where all specific 
activities are given relative to those of the IP2 taken as 100, it can be seen 
that the specific activities of the IP» are significantly higher than those of 
the orgamc phosphate fractions The specific activity of CP is less than 
50 per cent of that of the IP5 The specific activity of the pyrophosphate 
fraction is still lower, and, as in the experiments earned out at 37 5°, is 
also about 70 per cent of that of the CP These results will be discussed 
later with reference to the question as to w'hether extracellular inorganic 
phosphate exchanges directly with organic phosphates, or only after first 
entenng the cell as inorganic phosphate 

Table VII 


Effect of SO Aftnule Incubation at S° in RtngcT~M/7B P'0< on Specific Aclmiics of Intra- 
cellular Inorganic Phosphate and Organic Phosphate Fractions of Cardiac Slices 
The specific activity ot intracellular IP is taken as 100 


CP 

Ubile P ot APP 

1 Rfsidual organic phosphate 

47 

35 

1 

5 

41 

29 

5 

45 

34 

4 


DISCUSSION 

Parltiton of Tissue Inorganic Phosphate — By means of the washmg 
techmque followmg mcubation in m/75 PO 4 the tissue IP w'as found to 
consist of a readily diffusible fraction, which compnsed about 30 to 40 
per cent of the total IP, and a larger fraction w'hich was retained m the 
tissue despite prolonged w ashmg On the basis of the difference m dif- 
fusibihty, the first fraction may be regaided as extracellular, the second 
as intracellular IP The failure to reduce the intracellular phosphate, 
even on prolonged w'ashing with phosphate-free Ringer’s solution, is in 
accord with the finding of Eggleston (15) on the retention of intracellular 
phosphate of frog muscle m phosphate-free Ringer’s solution A calcula- 
tion of the amount of extracellular fluid in excised cardiac slices, based on 
the average values from Table I, and a P concentration of the usual value 
of 40 mg per cent m the medium, gave a value of about 29 per cent This 
IS somewhat higher than the value of 23 2 per cent found by Wood (16) 
for the ventncular muscle of dogs, but it is quite likely that the slicing 
of the ventnole m our procedure adds somewhat to the extracellular space 
Rate of Penetration of P*Ot into Intracellular Space — Apparently the 
penetration of P*©^ from the extra- mto the mtracellular space is not a 
matter of simple diffusion, smee the penetration is 5 to 10 times as rapid at 
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37 5 as at 2“ It also does not seem to be a simple function of the total 
metabolism, for the rate of metabolism of cardiac shoes at 37 5° is much 
greater than 10 times that at 2° The rate of penetration of phosphate 
from the extra- mto the intracellular spaces at 37 5° can be calculated from 
the specific activity of extracellular IP and the mcrease m io/al intracel- 
lular radioactivity inth time The average value was found to be about 
1 7 T of P per minute per gm of tissue This is a much higher rate of 
penetration than was found for phosphate entenng the intracellular spaces 
of the rabbit gastrocnemius tn mvo (17), but it is of about the same order 
of magnitude as that of phosphate entenng the intracellular space of the 
rat heart, as can be roughly calculated from the data of Maneiy and Bale 
(18) The rate of exchange of IP from the mtra- to the extracellular phase, 
that IS from IPs to IPi, may be assumed from our expenments to be the 
same as that from IPi to IP 2 , smce, m the course of a 1 or 2 hour incuba- 
tion of cardiac shces, the concentration of the total IP and the organic 
r ' in the tissue remains comparatively constant 
ate and Direction of Phosphate Uptake by Organic Phosphate Fractions — 

1 ire these data ate evaluated, the results of previous investigations 
'may be bnefly reviewed Korzybski and Pamas (19) reported a rapid 
turnover of phosphate through the APP and CP of rabbit muscle Sacks 
(8) found the specific activity of the total labile phosphate of the pyro 
phosphate fraction in heart muscle in vivo very close to that of the CP 
after P*Ot injection Hevesy and Rebbe (20) reported that the specific 
activity of the labile phosphate of the pyrophosphate fraction was equal 
to that of the CP m frog gastrocnemius 3 hours after mjection The 
discrepancy between these findings and those reported here may be due 
to the fact that with cardiac slices in vitro a certain part of the pyrophos 
phate fraction may not be involved m a rapid metabohc turnover whereas 
aU of tins fraction may be mvolved in a rapid metabolic turnover in vtvo 
The data obtained in the present study mdicate that the intracellular IP 
rather than the total tissue IP is the direct source for the supply of phos 
phate to APP and CP No regular relationship can be established be 
tween the specific activities of the organic phosphates and the total tissue 
IP, whereas a state of equality was uniformly observed between the 
specific activities of intracellular IP, of CP, and of the terminal phosphate 
of APP As wall be shown, the existence of such an equality provides 
very strong support for regardmg the intracellular IP rather than the tota 
tissue IP as the primary donator 

Sacks and Altshuler (21) reported that they found a diffeience in ta 
specific activities of the mtracellulai IP and of the CP both ^ skelea 
and cardiac muscle of cats after the mtravenous injection of radioactn 
phosphate The disagreement betw^een their results and ours may 
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m their calculation of tlie activity of the intracellular phosphate They 
have to make the assumptions that an equilibnum exists both in concen- 
tration and radioactivity between the IP of the plasma and the IP of the 
extracellular fluid, and that the muscle under expenmentation has a certain 
defimte extracellular space The extreme variations which they obtained 
in the calculated values for the intracellular IP in similar experiments, 
suggest the unreliability of these assumptions Since their conclusions 
as to the rble of phosphate transfer in muscle are based on results which 
are frequently the aveiages of u idely discrepant values, one may reasonably 
defer acceptmg their furthei inference that they serve to discredit the 
Meyerhof theorj, until more consistent expenmental data are provided 
Sacks and Altshuler’s conclusion that extracellular IP and intracellular 
IP exchange through CP and APP, which act as phosphate carriers, is not 
in agreement mth our findmgs, shortly to be discussed, which indicate 
that the extracellular IP exchanges directly with the intracellular IP 
The ex-penments of BoUman and Flock (22) on the effects of contraction 
m mo on the distribution of P^Oi among the acid-soluble phosphate 
fractions of rat leg muscle are also pertment to this discussion They 
found that the uptake of P*Oi by CP and APP respectively was equal in 
the exercised and restmg limb Nor was there a higher specific activity 
in the CP and APP fractions of the exercised than of the resting hmb 
followmg their resynthesis dunng the recovery penod These findmgs 
would be difficult to explam were the /o/al tissue IP, with a specific activity 
several times greater than that of CP and APP, the direct donator of 
phosphate for the resynthesis of CP and APP However, these results 
would be satisfactorily explamed by the concepts developed m this paper, 
since the phosphate for the resynthesis of CP and APP after exercise would 
be denved from mtracellular IP of equal specific activity, therefore no 
mcrease of the specific activity of these fractions on resynthesis would 
be anticipated The similarity m both restmg and exercised muscle be- 
tween the specific activities of these phosphate fractions would only require 
the assumption that the exercise did not influence the late of exchange 
between ex-tra- and intracellular IP 

There remains for consideration the problem of bow the phosphate of 
CP and the terminal phosphate of the adenosine tnphosphate attain the 
same specific activity as that of the mtracellular IP in the brief course of 
a 30 mmute incubation at 37 5° 

The possibility was considered that the phosphorylation of the labile 
organic phosphate compounds was a means of transportmg phosphate in 
the exchange, IPj ^=1 IPj, and that the specific activity of IP 2 was therefore 
hmited by that of the orgamc phosphate This hypothesis was discarded 
for several reasons, the mam one bemg that at 2° the specific activity of 
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the intracellular IP rose to a much higher value than that of any of the 
01 game phosphate fractions during a 30 minute incubation (Table VTI) 
This provides direct evidence that the extracellular IP exchanges directly 
with intracellular IP ivithout the mediation of an organic phosphate earner, 
as postulated by Sacks 

A second possibility was that the intracellular IP might not exist as free 
IP in the living tissue Both the tennmal phosphate of APP and that of 
CP are high energy phosphates which can exchange rapidly m equihbnum 
This rapid equihbnum exchange could account for the equality of the 
specific activity of CP and the tennmal phosphate of APP Were the 
mtracellular IP bound in mvo to some substance by a high energy bond, 
it might also be m rapid equilibnum exchange ivith CP and APP This 
bond would have to be of such a character as to split dunng the preparation 
of the tnchloroacetic acid extract of the tissue This hypothesis cannot 
' at the moment be entirely disproved but seems unlikely if one accepts the 
1 ideas concermng energy relations mvolved in phosphorylation 
Zyx ivith oxidation Some evidence against it may reside in the 
^ ding that HCl and HjS04 extracts of cardiac muscle gave the same 
results as tnchloroacetic acid extracts 
The hypothesis may now be discussed which appears to provide the best 
present explanation of the specific activities demonstrated by this study 
It has been shown by a number of workers that phosphorylations are 
coupled with the oxidative steps in the combustion of carbohydrates (for 
reviews see (23) and (24)) and that each phosphorylation first goes through 
adenosme tnphosphate Colow ick et al (25) have demonstrated, in heart 
muscle extracts, as many as twelve phosphorylations per molecule of 
glucose oxidized, or one phosphorylation for each atom of oxygen con- 
sumed Ochoa (26) using brain dispersions and Behtser and Tsibakova 
(27) using mmced heart muscle found from two to three phosphorylations 
per atom of oxygen consumed These expenments involved the oxidation 
of glucose, of degradation products of glucose, or of 4-carbon acids In 
this connection earlier expenments from this laboratorj (3) may be cited 
indicating that the oxidation of fat may also be coupled with phosphoryla 
tion, since the phosphoiylation of APP and CP occurs to the same exdent 
in cardiac slices with a low r q (around 0 75) and with an R Q close to 


^"on the basis of our expenmental data, a phosphorylation rate for car 
diac muscle slices may be calculated, assuming two phosphorylations 
through the termmal group of APP for every atom of oxygen co^med 
The oxygen consumption of cardiac tissues from a normal well fed “og 
about 10 cc per moist gm per hour This is equivalent to V2 , 
mole or 44 6 micromoles of oxygen per hour, which would cause 17 
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micromoles of phosphorylation per hour This would represent a turnover 
m terms of P passing from mtracellular IP (IP 2 ) to APP of about 92 y 
per gm of tissue per mmute Since the tissue is m a relatively steady 
state dunng these e\penments, the rate of P going from APP back to IPs 
is equal to that from IP 2 to APP 

The phosphate cycles postulated as occurring m cardiac muscle are 
graphically represented m Fig 3 The terramal phosphate of APP and 
the phosphate of CP are shown m a rapid equihbnum exchange which 
Mould ahiays keep them at the same specific radioactivity in expenments 
mth P^Oi Together they may be considered a pool of labile orgamc 
phosphate through which passes the phosphate from IP 2 This pool 
contams an average of about 200 7 of P per gm of shced cardiac muscle, 
so that the rate of turnover of 92 y per mmute per gm calculated above 
would mean a virtually complete turnover through it every 2 nunutes 
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f oxidation 




Removal of high energy 
phoAphote, jn port for 
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of tissue 

Fio 3 Postulated cycle of phosphate cvchange in cardiac muscle slices IP 
inorganic phosphate^ APP = adenyl pyrophosphate, CP - creatine phosphate 


This rapid turnover of phosphate would be an efficient mixing cycle 
for the phosphate of CP, the termmal phosphate of APP, and of IP 2 
Since the IPi ^ IPj exchange is very slow in comparison (1 7 7 per mmute 
per gm ), this rapid turnover might be expected to bring the specific 
activities of CP and the terminal phosphate of APP to a value insignifi- 
cantly different from that of IP 2 , in the course of a 30 minute incubation 
with P *04 < 


‘ It IS also possible to ahon mathematically that the specific activity of the ter- 
lainal P of APP and the P of CP could practically attain that of IP after 30 minutes 
of incubation with P'Oi, if the cycle shown in Fig 3 exists The terminal P of APP 
and the P of CP will be assumed to constitute together a labile orgamc phosphate 
pool (OP) To simplify matters it will also be assumed that all the terminal phos- 
phate radicals removed from APP go directly to IP molecules This simplification 
neglects the passage of phosphate radicals from APP through other molecules such as 
hexose diphosphate befoi c becoming IP molecules (In resting muscle the proportion 
of phosphate radicals split from APP not going directly to IP molecules is probably 
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In the above scheme the specific activity of the second labile phosphate 
of adenosine tnphosphate has not been discussed, as experiments have 
not yet been performed to obtain its value Such expenments are contem 
plated and xvill involve an isolation of the adenosme tnphosphate of the 
pyrophosphate fraction However, the hypothesis presented here to 
explain our results will remain fundamentally unaltered, xvhether the second 
labile phosphate is found to have a specific activity equal to or lower than 
that of the tenmnal labile phosphate 
Apparently, therefore, the equalities observed m this stud}' beUeen 
the specific activities of IPj, CP, and the teiminal phosphate of APP after 
incubation mth P*Oi can be adequately explained by resorting to the 
modem concepts of the relationship between phosphorylations and oxida 
tions m tissues It is encouraging to find that studies on living tissue 
tn miro can provide exudence in support of complex reactions for whose 
study non-viable extracts are usually employed 


I ) By neglecting the indirect passage, an extra diluting effect on the activity 
p phosphate going into IP is removed, go that the calculated specific activity 
L OP relative to IPs will probably be somewhat lowered 

The increase of activity in the OP fraction with tune is given by 

dx/dl = K(K'atr,l — x — y)/Ctf, — Kx/Cot ( 1 ) 

n here » is the activity of OP, K is the rate of transfer for IPs -> OP and also 
for OP — » IPs (reactions of equal rate at steady state), K' is the rate of transfer for 
IPi IPs and also for IPs -+ IPi, air, is the specific activity of IPi, t is the time, y 
is the activity x\ hich returns from the intracellular to the extracellular space bj IPi 
— > IPi, and C,r,and Cor are respective concentrations of IPs and OP During the 
course of a 30 minute incubation, K, K’, a,r„ C,p„ and Cor all stay practically 
constant Also 

y ■= K'Sa'anjil 

where ain is the specific activity of IPs IVe found in earlier experiments that am 
increases almost linearly over 30 minutes incubation, giving approximately 

ajp, ~ 0 005 oiPjt 

■n here t is the time m minutes Substituting Equation 3 m Equation 2 and Equation 
2 in Equation 1 and arbitrarily setting am equal to unity, we get 

dx/dl = KlK'i - X - K' (0 00251 )J/Cm - Kx/Cor W 


or 


dx / Cjrr 4- 

di / 


^ (t - 0 0025P} 

Cip, 


Equation 5 may bo integrated to give 


X = 



Q005o \ 

J’ J 


0 0025ai* 

(6( + e-“ - 1) - 


where o is KK'/Cn; and 6 is iC(Cm + CorVCmCor 


(5) 
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BDMMARy 

1 Results are reported on the uptake of by the inorganic phos- 
phate, creatine phosphate, and adenjd pyrophosphate fractions of dog 
cardiac muscle slices exposed tn miro to P*Oi 

2 The total tissue inorganic phosphate was found to consist of two 
fractions, a readil}”^ diffusible and a poorly diffusible or “bound” fraction 
The former is considered extracellular, the lattei, intracellular 

3 The extracellular phosphate came into rapid equilibrium with the 
P^Oi of the medium 

4 The specific activity of the intracellular phosphate was always con- 
siderably less than that of the extracellular phosphate and was dependent 
jn part on the extent of metabolism 

5 Results of experiments at 2“ indicated that ex-tracellulai inorganic 
phosphate exchanged diiectlj' with mtracellulai inorganic phosphate 
inthout the mediation of an organic phosphate earner 

6 The specific activity of the creatine phosphate after 30 to 90 mmutes 
incubation mth P *04 at 37 5° was equal to that of the intracellular inor- 
gamc phosphate, whereas the specific activity of the labile phosphates 
of the adenyl pyiophosphate fraction was 70 to 80 per cent of it 


Now in 1 gm of cardiac slices C:t>, and Cop are about 200 y each The value for K, 
based on two phosphorylations per atom of oxygen consumed, has already been shown 
to be about 92 y per minute, and that for K', based on experimental results, to be 
about 1 7 y per minute This makes a equal to 0 782 and b equal to 0 92 Then at the 
end of 30 minutes incubation 


/ 0 782 
\{0 92)> 


782 0 005 (0 782)> 


+ 


(0 92)> 


(0 92 (30) + «-»»«»> - 1) 


0 0025(0 782) (30)» 
0 92 


22 80 (7) 


or the specific activity of OP after 30 minutes is 

aop = i/CoP = 22 80/200 = 0 119 (8) 

The specific activity of IP after 30 minutes is 

uip, ~ (h-^oriptf — X y)/Cip, (9) 

or 


«.r, = (1 7(30) - 22 80 - 3 33)/200 = 0 124 


( 10 ) 


Ihus, the calculation gives specific activities of the CP and the tcimmal P of APP 
only slightlv less (insignificantly less by our methods of analvsis) than that of the 
IPj after 30 minutes of incubation This is so even in our simplified treatment, in 
which ne assume that all of the terminal phosphate radicals leaving APP go dircctlv 
to IP, 
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7 Hoisever, the adenyl pyrophosphate fraction was found to he com- 
posed only in part of adenosine triphosphate Liberation of the terminal 
phosphate of the adenosine tnphosphate by a magnesium-free lobster 
muscle enz3'me pieparation showed its terminal phosphate to have the 
same specific activity as that of creatine phosphate and intracellular 
inorganic phosphate The portion of the adenyl pyrophosphate fraction 
not consisting of adenosine tnphosphate ma}' be in large part adenosme 
diphosphate 

8 The equality m the specific activities of the intracellular inorganic 
phosphate, creatine phosphate, and terminal phosphate of adenosine 
tnphosphate of excised cardiac tissue mcubated with P*0< is in accord with 
modem concepts as to the coupling of oxidation and phosphorylation 
in tissue 
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THE METABOLISM OF ACENAPHTHENE IN THE RAT 

Bit L H CHANG* and LESLIE YOUNG 
(From the Department of Btochemutry, University of Toronto, Toronto, Canada) 

(Received for publication, July 19, 1943) 

It IS IvDown that the administration of naphthalene to animals is fol- 
lo« ed by the excretion in the urine of a compound which yields naphthalene 
on acidification (1) Anthracene (2) and phenanthrene' when adminis- 
tered to rats and rabbits gu'e rise to the excretion of compounds which 
yield anthracene and phenanthrene lespectively when decomposed by acid 
The authois recently reported the results of a study of the excretion of 
acid-decomposable hydrocarbon precuisors by the lat following the ad- 
ministration of xmrious polycyclic hydrocarbons including acenaphthene 
(3) In this work no evidence was obtained of the liberation of acenaph- 
thene on acidification of the urine of rats dosed with this hydrocarbon 
From the acidified urine of these animals, how ever, a crystalline compound, 
m p 269°, w as obtained ^ The purpose of the present paper is to desenbe 
the isolation of this compound and its identification as naphthahe anhy- 
dride, i e , the anhydride of naphthalene-1, 8-dicarboxj he acid 

0 


H,C — CH 

HOOC COOH 

OC CO 
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The isolation of naphthahe acid or its anhydride from urme followmg 
the administration of acenaphthene to animals has not hitherto been 
reported The present finding is of interest inasmuch as it mdicates that 
fission of the 5-membered carbon rmg of acenaphthene can occur in the 
Q-tuiual body 

EXPERIMENTAL 

Acenaphthene was admmistered to male w’hite rats, each of which 
weighed approximately 300 gm The animals w'ere housed m metabolism 
•rages W'hich permitted the collection of urme separate from the feces The 

* Siao British Fund Fellovi Present address. Sterling Chemistr} Laboratorj , 
^a'versity. New Haven, Connecticut 
' Young, L , and Bntton, A , unpublished observations 
’ Unless otherwise stated, the melting points recorded herein are uncorreeted 
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feces were inaccessible to the rats The urine was collected daily, filtered 
through glass wool, and stored in the refrigerator until used In some 
experiments the animals iiere fed in separate cages for tno 1 hour periods 
daily on the stock colony diet® to which 1 per cent of acenaphthene had 
been added Water was available to the rats at all times In other expen 
ments the rats received food and water ad libitum in the metabohsm cages 
and on alternate days were each dosed by stomach tube with 1 ml of a fine 
suspension of 0 1 gm of acenaphthene in dilute starch solution In order 
to mmimize the scattering of food m these experiments the stock colony 
diet was made into a stiff dough by mixing with an equal amount of 5 per 
cent starch solution 

The isolation of the compound, m p 269°, togethei with its properties 
and the steps taken to identify it, is described beloiv 

Isolation — The compound was obtamed from unne by several different 
procedures, two of which are descnbed below’ 

The urme of rats dosed with acenaphthene w as made alkalme to litmus 
j the addition of dilute NaOH solution and w'as then extracted tw'ice with 

I The unne w as then made acid to Congo red by the addition of HCl 

and allowed to stand for an hour The unne together with the precipitate 
which formed on acidification was extracted with four portions of chloro 
form, each of which was equal m volume to that of the unne The chloro 
form extracts were combmed, concentiated to a small volume by distillation 
on a Avater bath, and finally evaporated to dryness under reduced pressure 
The residue ivas treated ivith hot ethanol and the solution was filtered 
rapidly The crj’stalhne precipitate which sepaiated from the alcohohc 
solution on coohng was filtered and xvashed ivith a small votume of warm 
ethanol The product melted at 268° It w'as dissolve! in warm N 
NaOH solution, decolonzmg charcoal w’as added, and the solution was 
warmed and filtered The precipitate ivhich formed on acidification of 
the filtrate mth HCl ivas filtered It was dned over phosphorus pentoxide 
in vacuo, and after bemg crystalhzed tw’ice from ethanol it w’as obtamed as 
pale yellow needles, m p 269° The amount of the compound obtained 
from the urme by the above piocedure was small In an experiment in 
which three rats were each dosed on alternate days ivith 1 ml of a suspen 
Sion of 0 1 gm of acenaphthene m dilute starch solution until they ha 
received a total dosage of 1 8 gm of hydrocarbon, the amount of pure 
compound isolated from the urme was 0 060 gm From the unne o six 
rats which received a diet contaming 1 per cent of acenaphthene unt ey 
had mgested 4 1 gm of the hydrocarbon, 0 215 gm of the compound w 

isolated 


* The composition of the stock diet was as follows 
linseed meal 15, casern 3 5, alfalfa meal 1 5, calcium 
05, yeast powder 2, and cod liver oil 2 parts 


ground corn 50, dried milk 25 , 
carbonate 0 5, sodium chloride 
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The presence of the compound m the precipitate which formed on acidi- 
fication of the urine i\ as demonstrated by the follou mg experiment The 
urine uas made acid to Congo red bj the addition of HCl, allowed to stand 
for 1 hour, and then centrifuged The precipitate uas dramed, dned on a 
pad of filter paper, and then refluxed iiith chloroform for 6 hours The 
chloroform extract Mas filtered and concentrated to a small volume by dis- 
tillation The remainmg chloroform uas removed by evaporation under 
reduced pressure The residue m as purified by ciystalhzation from ethanol, 
from glacial acetic acid, and from cyclohexane The crystalhne product 
thus obtamed w as a pale browm color and melted at 268° By this method 
0 098 gm of the compound ivas obtained from the precipitate vhioh formed 
on acidification of the unne of six rats which had ingested 4 0 gm of 
acenaphthene as a result of consuming a diet contaming 1 per cent of the 
hydrocarbon 

Properties — ^The isolated compound, m p 269°, appeared to be insoluble 
at room temperature in water and dilute HCl It was soluble m dilute 
NaOH solution and the solution when acidified gave a flocculent crystalhne 
precipitate It was soluble m ethei, acetone, benzene, and chloroform 
No residue ivas obtamed on ignition of the compound Nitrogen, sulfur, 
and halogens were found not to be present m the compound and Ehrhch’s 
diazo test foi phenolic groups yielded a negative result 
Identification — The meltmg pomt^ and properties of the compound sug- 
gested that it w as naphthahc anh 3 ’'dnde, CxsHsOs Naphthahc anhydnde 
dissolves m concentrated sulfunc acid to give a j'ellow solution with a blue 
fluorescence (4) and this property was shown by the isolated compound 
The results of elementary analyses of a sample of the compound suggested 
that it contamed small amounts of naphthahc acid The compound was, 
therefore, heated at 110° and when analyzed it yielded the foUowmg results 

C„H,0, Calculated, C 72 73, H 3 05, found, C 72 69, H 3 14 

The identity of the isolated compound as naphthahc anhydnde was 
established by the synthesis of this compound and by the preparation of 
denvatives of the isolated and synthetic compounds with phenylhydrazme 
and With o-phenylenediamme 

Naphthahc acid w as S 3 mthesized by the method of Graebe and Gfeller (6) 
and converted to the anhydnde 

Calculated, C 72 73, H 3 05, found, C 72 53, H 3 27 

The synthetic naphthahc anhydride melted at 269° and when mixed wnth 
the compound obtamed from unne the meltmg pomt was not depressed 
The preparation of N-anilmonaphthahimde, m p 218 5°, has been de- 

‘The melting points recorded for naphthahc anhjdnde m the literature larj 
Widely, cp . 266° (4), 269° (5), 274° (corrected) (6) 




THE FECAL EXCRETION OF POLYCYCLIC HYDROCARBONS 
FOLLOWING THEIR ADMINISTRATION TO THE RAT 

L H CHANG* 

{From the Department of Btocheintstrg, University of Toronto, Toronto, Canada) 

(Received for publication, July 19, 1943) 

In biochemical studies of certain carcinogenic and non-carcmogenic poly- 
cyclic hydrocaibons vaiious Morkeis (e p (1-5)) have administered these 
compounds to animals by stomach tube oi by admixture in the diet The 
fact that various hydiocarbon derivatives have been isolated from the 
unne of animals dosed in this nay has established that the absorption of 
polyc}'clic hydrocarbons or deiivatives foimed from them in the alimentary 
tract can take place Little information has been available hitherto, how- 
ever, concerning the fecal excretion of poWcyclic hydrocarbons followmg 
their administration under the above conditions In order to gam further 
information on this subject the present study of the fecal excretion of 
various hj'drocarbons by the rat was undertaken The compounds studied 
Mere the non-carcinogemc hydiocarbons, naphthalene, acenaphthene, phe- 
nanthrene, anthracene, and chrysene, and the carcinogenic hydrocarbons, 
li2,5,6-dibenzanthracene, 3,4-benzpyrene, and methylcholanthrene 
Each hydrocarbon was admmistered to rats by two methods, namely, by 
inclusion m the diet, and by administration in the form of a fine suspension 
by stomach tube The results obtained reveal that when administered 
by these methods the above polimimhc hj^drocarbons differ widely with 
respect to the proportions of the doses which are excreted m the feces 
For example, whereas no fecal excretion of naphthalene w'as found to occur 
after the administration of this compound, almost all of a dose of 1 ,2,5,6- 
dibenzanthracene w as found to be excreted in the feces 

Methods 

In order to determine the amount of a given pob'cychc hydrocarbon m 
rat feces a simple giavimetnc method was developed The mam steps 
the method were as follows The feces were extracted with ether, the 
ether extract w^as washed with acid and with water, eiaporated, and the 
residue so obtained was saponified with alcoholic potassium hydroxide 
The hydrocarbon w as isolated from the saponified mixture and w eighed 
The feces which were to be analyzed for their content of a hy^drocarbon 
"ere sifted to free them from fallen fur and were then giound in a mortar 

* Sino British Fuad Fellow Present address, Sterling Chemistry Laboratory , 
s e University, New Haven, Connecticut 
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A sample of 2 to 3 gm of ground feces was neighed mto an extraction 
thimble and contmuously extracted with 150 ml of ether m a Soxhlet 
apparatus for 6 hours This penod of extraction n as found to be adequate 
for the complete ex'traction of the hydrocarbons studied The ether ex- 
tract was transferred to a 250 ml separatory funnel, and n ashed with ti\o 
50 ml portions of 2 n HCl and then with tn o 50 ml portions of n ater The 
ether layer was separated, transferred to a flask, and carefully distilled 
on a water bath The residue thus obtamed was saponified by refluxing 
mth 5 ml of alcoholic potassium hydroxide (40 gm of KOH in 1 hter of 
95 per cent ethanol) on a steam bath for 1 hour, during nhich tune the 
flask n as frequently agitated m order to facilitate reaction The saponified 
mixture was then treated by a procedure dependmg upon which hjdro 
carbon was bemg determmed 

In the case of anthracene, chrysene, 3,4-benzpyrene, methylcholan 
threne, or 1,2,5,6-dibenzanthracene, all of nhich are almost completely 


insoluble m dilute ethanol, the hydrocarbon was precipitated by dilutmg 
the saponified mixture nith water The hot sapomfied mixture, which 
frequently contained crystals of hydrocarbon, was diluted mth water until 
the liquid became shghtly cloudy It was allowed to cool with occasional 
shakmg and w as then diluted to a volume of 50 ml with water The pre 
cipitated hydrocarbon w'as collected on a smtered glass filter and washed 
mth hot water to remove adhenng traces of soaps After air had been 
drawn through the filter for a short time, the precipitate was dissohed in 
ether The ether solution w'as dried over anhydrous calcium chloride and 
filtered The filtrate and ether washmgs were collected maw eighed flask, 
and the ether w'as removed by careful distillation on a w ater bath The 
flask and its contents were then dried m a desiccator and weighed 
In the case of naphthalene, acenaphthene, or phenanthrene, all of which 
are appreciably soluble m dilute ethanol, the dilution of the saponified 
mixture with water did not brmg about complete precipitation of the 
hydrocarbon In the determmation of these hydrocarbons the sapomfied 
mixture was diluted with water as described above and the filtrate and 


washmgs obtamed after the filtration of the precipitated hydrocarbon were 
combmed and steam-distilled m order to recoxer dissolved hjdrocarton 
In order to prevent foammg of the hqmd durmg distillation 10 ml of ^ 
per cent calcium chloride solution were added to precipitate soaps T e 
distillation was contmued until the distillate as it condensed was no longer 
turbid The distillate was extracted tivice with 50 ml portioM of et er 
The combmed ether extracts were washed twice inth water and added o 
the ether solution of the hydrocarbon precipitated by ddution o 

saponified mixtuie The combmed ether solutions w'ere dned, evapo 

and the residue weighed as descnbed above 
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In no e\peiiment in mIiicU the method (with oi uithout steam distilla- 
tion) was applied to a senes of samples of normal lat feces, each of which 
weighed 5 gm , was the final lesidue found to weigh more than 1 mg 
The method was also applied to the analjsis of samples of normal rat 
feces to each of which a knowm amount of hj^diocarbon had been added 
In order to deteimme the influence of a non-saponifiable compound on the 
lesults obtained, some e\penments were performed in which cholesterol 
was added to the feces in addition to hjdrocaibon The addition of 
cholesterol to the feces w as found to ha\ e no significant effect on the i esults 

Table 1 


Recovery of Polycyclic Hydrocarbons Added to Rat Feces 
{with or without Added Cholesterol) 


1 

Hydrocarbon added 

Weight of 
feces 

Weight of 
cholesterol 
added 

Weight of 
h>drocar 
bon added 

i Weight of 
i5na) 
residue 

Final residue 
expressed as 
per cent of 
hydrocarbon 
added 


1 

mf 

mi j 

ms 


Niphthalene 

3 0 


30 4 

28 6 


Acenaphthene 

3 0 

1 

23 1 i 

21 1 


Anthracene 

2 0 


59 5 



« 1 

30 


19 0 



it 

5 0 

i 

10 0 

10 1 1 


it 

3 0 1 

20 6 

27 9 

28 5 


Phenanthrene 

2 0 


5 8 

6 0 


ti 

2 0 


12 4 

11 9 


it 

5 0 { 


24 7 

25 1 i 


Chrysene 

3 0 1 


21 0 

20 5 ; 



3 0 I 


36 1 

36 0 

100 

it 

3 0 

17 0 

21 0 

21 0 

104 

1,2, 5,6 Dibenzanthracene i 

3 0 1 


27 4 , 

27 2 

99 

ti 1 

3 0 


1 20 8 j 

21 1 

101 

3,4 Benzpjrene 

3 0 


1 29 5 j 

30 6 


« ' 

5 0 


1 42 5 j 

40 7 


Methylcholanthrcne 

3 0 


36 0 i 

35 9 



3 0 , 

26 3 j 

ir 6 j 

17 6 

■■1 


obtamed The results obtained are summanzed in Table I They show 
that with the exception of naphthalene and acenaphthene, both of which 
are somewhat volatile, the maximum errors m the recovery of the added 
hydrocarbons did not exceed =b4 per cent 

Results 

Two senes of experiments were performed m which polycyclic hydro 
carbons were admmistered smgly to rats In the first series of experiments 
the hydrocarbons were mcluded m the diets of the animals and m the 
second they were administered by stomach tube 
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Feeding Experiments— The procedure in each experiment was as follows 
The hydrocarbon was incorporated m the stock colony diet' to the extent 
of 0 2 or 1 per cent by w eig^ht and fed to four male w hite rats each ii eighing 
about 300 gm No rat received moie than one hydrocarbon The rats 
were housed in pairs in metabolism cages which permitted the separate 
collection of urine and feces The feces ivere inaccessible to the animals 
The rats were fed in a separate cage for a 1 hour period twice daily at 

Table II 


Fecal Excretion of Polycyclic Hydrocarbons by Rat Following Their Ingestion 

in Diet 


Hydrocarbon added to diet 

Amount of 
hydrocarbon 
in diet 

Intake of 
h> drocatbon 

Hydrocarbon m feces 


per cent 

ms 

ms 

per cent of tnfake 

Naphthalene 

1 0 

535 

0 

0 

tt 

1 0 

770 

0 

0 

Acenaphthene 

1 0 

715 

43 

6 

Anthracene 

I 0 

S30 

694 

84 

<< 

1 0 

605 

498 

82 


0 2 

270 

144 

53 

Phenanthrene 

I 0 

720 

46 

6 

1 

1 0 

635 

25 

4 

Chrysene 

1 0 

850 

686 

81 

l( I 

1 0 

920 

665 

72 

(( 1 

1 0 

440 

376 

85 

/< 

0 2 

320 

204 

64 

1 , 2 , 5, 6-Dibcnzanthracene 

I 0 

780 

710 

01 


1 0 

815 

732 

90 

<( 

1 0 

800 

715 

89 

ii 

0 2 

365 

297 

81 

3,4-Benzpyrene 

1 0 

525 

232 

44 

(1 

I 0 

400 

174 

44 

<( 

1 0 

480 

184 

38 

Methylcholanthrene 

1 0 

820 

574 

70 

(( 

1 0 

660 

474 

72 

(( 

I 0 

740 

426 

5S 


10 a m and 5pm Thefood intake at each f eedmg penod w as determined 

and the diet contammg the hydrocarbon was fed to the rats until they had 
ingested at least 250 mg of the hydrocarbon The rats were then place 
on the stock diet for 2 days and the collection of feces was continued during 
this period Feces collected subsequently did not contam significan 

' The composition of the stock diet was as follows ground corn 50, dried mdk ^ 
hnsecd metl 15, casern 3 5, alfalfa meal 1 S, calcium carbonate 0 5, sodium chlon 
0 5, yeast pow der 2, and cod liver oil 2 parts 
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amounts of hydrocarbon The feces collected during the whole e\periment 
were mixed, sifted, ground, wmighed, and duplicate samples were analyzed 
for their hydrocarbon content The results obtained are summarized in 
Table 11 

In every experiment in which the diet contamed 0 2 per cent of hydro- 
carbon it w'as found that the percentage of ingested hydrocarbon which w as 
excreted m the feces w'as lower than that excreted on the diet which con- 
tamed the same hydrocarbon to the extent of 1 per cent In most experi- 
ments the inclusion of hydrocarbon m the diet led to a fall m food mtake, 
which %aned according to the nature of the hydrocarbon in the diet In 
consequence of this the level of hydrocarbon mtake differed in different 


Table III 

Fecal Excretion of Polycyclic Hydrocarbons by Rat Following Their Administration 

by Stomach Tube 


Hjdrocarbon <200 mg ) administered 

[ Hydrocarbon m fcccs 

Naphthalene 

1 

! 0 

ptr ctni cf 
' 0 

Acenaphthene 

1 12 

6 

« 

1 25 

13 

Anthracene 

12S 

64 


147 

74 

Phenanthrene 

11 

6 


13 

i 7 

Chrysene 

174 

1 

it 

163 

82 

1,2, 5, 6 Dibenzanthracene ' 

200 

100 

<( ’ 

185 

93 

3,4 Benzpyrene 

116 

5S 

U 

no 

55 

Methyloholanthrenc 

135 i 

68 

it 

138 

69 


experiments, a fact which complicates the comparison of the results ob- 
tained For this reason the dosmg experiments described below were 
undertaken 

Dosing Expenments — In order to compare the fecal excretion of hydro- 
carbons at the same level of intake, experiments were performed in which 
two male white rats, each weighing about 300 gm , each received a single 
dose of 0 1 gm of hydrocarbon by direct admmistration h^o rat was 
dosed wuth more than one hydrocarbon The procedure in each experi- 
ment was as follows A weighed quantity of hydrocarbon was ground in a 
mortar wnth sufficient 1 per cent starch solution to give a thin paste This 
was then diluted with water to give a suspension which contamed 0 1 gm 
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of hj'drocarbon per ml 1 ml of this suspension was then given by stomach 
tube to each rat The two rats were kept together m a metabolism cage 
m which they received food and water ad hbitum In order to muumize 
the scattermg of food the animals were fed on a stiff dough made up of 
equal parts of the stock colony diet and 5 per cent starch solution The 
feces excreted dunng the 3 days after the admmistration of the hydro- 
carbon were collected and analyzed The feces collected after this period 
were found not to contam measurable amounts of hydrocarbon The 
results obtamed are summarized m Table III 

niscussiON 

Under the conditions described above the vanous polycychc hydrocar- 
bons studied showed marked differences m the extents to which they were 
excreted m the feces of the rat Followmg the administration of naph- 
thalene, the simplest hydrocarbon studied, no unchanged hydrocarbon was 
detected m the feces Unchanged hydrocarbon was recovered from the 
feces m every experiment, hon ever, m which more complex hydrocarbons 
w'ere administered Followmg the mgestion by rats of diets contaming 1 
per cent of a hydrocarbon the mean percentage recovenes of the hydro 
carbons from the feces were as follows phenanthrene 5, acenaphthene 6, 
3,4-benzpyrene 42, methylcholanthrene 67, chrysene 79, anthracene 83, 
1,2,5, 6-dibenzanthracene 90 In experiments m which rats each received 
a suspension of 0 1 gm of a hydrocarbon m starch solution by stomach tube 
the mean percentage recovenes of the hydrocarbons from the feces were 
as follows phenanthrene 7, acenaphthene 10, 3,4-benzpyrene 57, methyl 
cholanthrene 69, anthracene 69, chrysene 85, 1,2,5, 6-dibenzanthracene 97 
Although the results obtamed with different methods of admmistermg the 
hydrocarbons resemble one another fairly closely, those obtamed from the 
dosmg experiments serve as a better basis for comparing the fecal excretion 
of different hydrocarbons than do those obtamed from feedmg experiments, 
owmg to differences in the level of hydrocarbon intake m the latter ex- 
periments 

In the expenments of Boyland and his coworkers mth anthracene (3) 
and with 1,2,5,6-dibenzanthracene (4) these compounds were admmis 
tered orally to rats and hydrocarbon denvatives were isolated from the 
unne of the dosed animals In neither case did the quantities of the iso 
lated compounds represent more than a small proportion of the h3dro- 
carbon administered and the fate of a major portion of the dose of hj- 
drocarbon therefore remamed m doubt The results of the presen 
investigation show that a large proportion of a dose of anthracene or 
1,2,5,6-dibenzanthracene admmistered orally to the rat is excreted m 
the feces 
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SUMMARY 

Suitable analytical methods have been developed and a quantitative 
study has been made of the fecal excretion of polycyclic hydrocarbons by 
the rat follomng their administration bj’’ admixture in the diet or by 
stomach tube 

The hydrocarbons studied weie naphthalene, acenaphthene, anthracene, 
phenanthrene, chrysene, 3,4-benzpyrene, methylcholanthrene, and 
1,2,5, 6-dibenzanthracene 
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FURTHER EVIDENCE FOR THE EXISTENCE OF SPECIFIC 
DIETARY ESSENTIALS FOR THE GUINEA PIG* 
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E B HART 

{From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 

Madison) 

(Received for publication, August 14, 1943) 

In a previous report from this laboratory (1) it was shown that young 
gumea pigs would not survive or grow when fed the purified diets commonly 
employed successfully m the nutntion of the rat At this time three new 
dietaiy essentials required by the guinea pig were indicated, namely, a 
factor found m grass, a second factor existing in yeast, and a third m mdk 
Woolley (2) has demonstrated that, m addition to the water-soluble vita- 
nuns now recogmzed m pure form, the gumea pig requires at least three 
other dietary essentials These factors were designated as GPF-1, pres- 
ent m a 50 pel cent ethanol extract of Imseed oil meal, GPF-2, a factor 
remanung in the alcohol-extracted Imseed oil meal, and GPF-3, a third 
factor postulated on the basis that the addition of Imseed oil meal alone 
to a purified ration w ould not support adequate groivth or survival Dned 
grass only partially satisfied the GPF-3 requirement 
Although the existence of the factors m yeast, grass, and milk could be 
repeatedly demonstrated, the large numbers of ammals required rendered 
the procedure impractical for the numerous assays necessary in the frac- 
tionation of the mdividual factors This techmeal difficulty was due 
largely to the presence in any one of the above materials of considerable 
amounts of one or both of the other twm dietary essentials A more prac- 
ticable assay procedure was sought m the methods employed by Woollej 
That Imseed oil meal contributes to the nutntion of the gumea pig has 
been defimtely confirmed, but the clear differentiation of two factors bj 
ethanol extraction has been only partially successful However, data ivill 
be given showing that, m addition to the factor or factors present m Im- 
seed oil meal, another dietary essential is required by the gmnea pig The 
distribution and some of the properties of this factor will be discussed 

* Published with the approval of the Director of the Wisconsin Agncultural E’l 
periment Station This work was supported in part by grants from the Cerophjl 
Laboratories, Inc , Kansas City, Missouri, and the Research Funds of the Uniiersitj 
We are indebted to Merck and Company, Inc , Rahway, New Jersej , for the sjn- 
thetic vitamins, to the Abbott Laboratories, North Chicago, Illinois, for hahier oil, 
and to The Wilson Laboratories, Chicago, Ilhnoi4, fot<ly-er -extrMta 
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EXPERIMENTAL 
General Procedure 

When young guinea pigs from our stock colony weighed between 150 
and 200 gm (8 to 16 days of age), they were placed in metal cages with 
^ mch mesh screen bottoms and mamtamed on experiment for a penod of 
6 weeks The animals were iveighed three times iveekly and fed and 
watered tuice dailj’- Thej-^ nere distributed equitably as regards iveight 
and sex among the groups 

The basal ration used, No S-29, -was similar to Ration S-28, previousl}’^ 
shown to be madequate for the nutrition of the gumea pig (1) It con- 
sisted of the following sucrose 72 gm , ethanol-extracted leprecipitated 
casern 20 gm , salts (3) 4 gm , com oil 4 gm , thiamme 0 25 mg , riboflavin 
0 35 mg , pyndoxme 0 25 mg , pantothenic acid 1 0 mg , nicotmic acid 
J mg , and choline 100 mg When the basal ration was supplemented 
•uh appreciable amounts of dry material, the sucrose content nas corre 
■-, ' ^'y decreased The rations were mixed frequently and stored in 

the refngerator All amnials received 20 mg of ascorbic acid orally even 
other day and 1 mg of a-tocopherol and 0 05 cc of hahver oil per week 
The «-tocopherol and hahver oil w'ere diluted and mixed with com oil just 
previous to feeding 

Evidence for New Factors Required by Guinea Pig {Table I ) — Guinea pigs 
fed the basal ration failed to grow and died The average survival time 
was 27 days When 25 per cent of hnseed oil meal was added (Ration 
S-44), the animals grew at a suboptimal rate for the first 2 or 3 weeks of the 
expenment, then rapidly lost w'eight, and died, with an average survival 
tune of 34 days Although the appearance of the gumea pigs w as improved 
and their survival somewhat prolonged by the feeding of linseed oil meal, 
Ration S-44 w'as still lackmg m some essential factor The animals be- 
came veiy emaciated before dying but no specific symptoms or lesions were 
noted Growth and survival were not improved when the linseed oil meal 
ration was modified by doubling the content of the ciystalhne B vitamins, 
addmg 0 5 pel cent of cystine and 10 per cent of gelatin, or by mcreasmg 
the level of casern to 30 per cent of the diet Likewise, the daily addition 
of 25 mg of inositol, 0 4 mg of 2-methyl-l ,4-naphthoqumone, and 3 -y of 
biotm (biotm liver concentrate) had no beneficial effect in alleviatmg the 
deficiency 

This substantiates the work of Woolley who was unable to obtam sus- 
tained growth m gumea pigs on a diet similar to Ration S-44 In his 
experiments gumea pigs fed this ration grew normally for 3 or 4 weeks, 

' suddenly ceased growmg, and died withm a week or two Dned grass 
reduced but did not eliminate this condition He reports that no matenal 
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w£s found which would prevent the deficiency when fed in relatively small 
amounts 

We have fed vanous matenals in an attempt to obtam a source of the 
factor apparently required by the guinea pig m addition to the two factors 
postulated as bemg present m adequate amounts m hnseed oil meal Dned 
grass (Cerophyl) fed at a level of 2 per cent proved to be an madequate 
source of this factor, but when mcreased to a level of 8 per cent fair growth 
resulted Grass juice powder' at a 4 per cent level proved madequate but 
at 8 per cent excellent growth was obtamed Normal growth resulted 
when solubilized hver powder^ was fed at 4 per cent Increasmg the level 


Table I 

Evidence for New Factors Required by Guinea Pig 


No 

1 No o{ animats 

Survivors 
at 6 wks 

Average daily 
gaio* 

S29t 

1 

28 

1 

tm 

8 29 + 25% linseed oil meal (Ration S-44) 

23 

6 

-0 6 

S 29 + 4% solubilized liver extract 

13 

11 

1 1 

8-44 -f 2% dned grass 

4 

2 

0 7 

S-44 -f 8% “ “ 

4 

3 

2 0 

8-44 -k 4% grass juice powder 

7 

2 

1 8 

S-44 -1- 8% " “ " 

8 

8 1 

4 3 

8-44 -k 4% solubilized liver extract 

9 

9 

4 3 

S-44 -k 8% yeastf 

4 1 

4 i 

3 0 

S-44 -k 20 cc milk per day 

15 

12 

1 6 

S-44 -k 10% skun milk powder 

3 

2 1 

3 8 


* Calculated for the 6 weeks experimental period, including only those amranis 


surviving 6 weeks 

t Basal Ration S 29 described in the text 
t Northwestern Yeast Foam 

of liver powder to 8 per cent did not result m an additional growth response 
Yeast, milk, and skun milk powder are fair sources of this factor 
The poor growth resultmg when solubilized liver was fed m the absence 
of hnseed oil meal is good evidence that solubilized hver alone at a 4 per 
cent level does not supply all the factors required by the gumea pig We 
have been unable to demonstrate with any consistency the separation of 
two factors m hnseed oil meal by means of ethanol e'traction, as reported 

' Grass juice powder is the spray-dned pressed juice of cereal grasses 1 gm of 
Erasa juice powder is equivalent to about 4 gm of dried grass (Cerophj ) 

’ The solubilized liver powder (Fraction L) is that portion of an aqueous liver 
extract precipitated from solution by addition of ethanol to 70 per cent concentration, 
then rendered water soluble by enzyme action 
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by Woolley DifTerences in the commercial methods of processmg linseed 
oil meal may account for this discrepancy Some question may anse, then, 
as to whether or not the factor found m solubilized liver powder and certain 
other matenals and not in sufficient quantity m Imseed oil meal is actually 
a third factor Hon ever, for convenience, this factor mil be referred to 
as GPF-3 

Properties of GPF-S — Studies on some of the properties of the third 
factor have been made and the resulting data are presented in Table II 

Table H 

Properties of GPF S 

The ration employed was the purified Ration S 29 described in the text plus 25 
per cent linseed oil meal 


Supplement 

No of 
animals 

Survivors 
at 6 wks 

Average 
daily gam 

autoclaved S L P ,* 4% 

6 

0 

gw 

n’ "e autoclaved S L P , i% 

6 

6 

5 6 

iterated S L P , 4% 

3 

3 

3 6 

A.oid ether extract of S L P ~ 12% 

3 

0 


Alkaline ether extract of S L P ~ 12% 

3 

2 

1 2 

Nont eluate of G J P t ^ 8% 

7 

4 

2 8 

“ filtrate of G J P ~ 8% 

7 

7 

3 6 

“ eluate of S L P ~ 12% 

3 

3 

2 5 

filtrate from Pb ppt of S L P ~ 12% 

3 

3 

4 2 

Residue “ “ “ " “ ~ 12% 

3 

3 

2 7 

Filtrate “ “ “ “ G J P ~ 12% 

3 

3 

5 4 

Residue “ “ “ “ “ ~ 12% 

3 

1 

3 6 

Fullers’ earth filtrate of Pb filtrate of S L P ~ 12% 

3 

3 

3 8 

" “ adsorbate of Pb filtrate of S L P ~ 12% 

3 

0 


Super Filtrol filtrate of G J P ~ 8% 

3 

3 

4 4 

“ “ adsorbate of G J P ~ 8% 

3 

3 

1 9 


* Solubilized liver powder 
t Grass juice powder 


Autoclavmg under acid conditions completely destroyed the factor as far 
as could be determined by our assay procedure This treatment was 
accomplished by dissolvmg the solubilized hver powder m water, adjustmg 
to pH 1 0 with HjSOi, and autoclavmg for 20 mmutes at 15 pounds pres- 
sure Autoclavmg under similar conditions at a pH of 11 0 (NaOH) had 
no recognizable destructive effect on the GPF-S activity of hver ponder 
Aeration, by passmg air for 36 hours at room temperature through a solu 
tion of hver powder, had little effect on the activity The factor could not 
be extracted with ether from either acid or alkalme solution 
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The above properties suggested the possible ideutity of GPF-3 and folic 
acid Crude fohc acid preparations were therefore prepared from both 
grass juice powder and solubilized liver powder according to the method 
of Hutchmgs et al (4), which mvolvea adsorption on nont at pH 3 0 and 
elution with an ammonia-ethanol mixture The nont eluafes, containmg 
50 to 60 per cent of the onginal fohc acid, when fed at high levels resulted 
in suboptimal groivth The filtrate of grass juice powder remammg after 
nont treatment, though possessing only about 5 per cent of the ongmal 
fohc acid activity, was supenor to the nont eluate fraction as a source of 
GPF-3 T he fohc acid content of these fractions was assayed by employmg 
essentially the method of Mitchell and Snell (5), which depends upon the 
growth response of Streptococcus lochs R ^ The growth-stiraulatmg prop- 
erty of the fractions for Lactobacillus casei closely paralleled that for Strepto- 
coccus lactis R That GPF-3 and fohc acid are not identical seems highly 
probable A further argument in favor of this view is that the grass juice 
powder used m these experiments was about twice as active as a source of 
fohc acid as was liver pow'der but was somewhat less active as a source 
of GPF-3 

Treatment wnth lead acetate at pH 4 5 has not yielded clear cut separa- 
tions Most of the factor remains unprecipitated, although appreciable 
amounts may be recovered from the lead precipitate by treating with 
hydrogen sulfide The more active lead filtrates contained only 5 to 20 
per cent of the onginal fohc acid 

The factor could not be readily removed from the filtrate of the lead 
precipitate by means of adsorption on fullers’ earth at pH 2 0 GPF-3 
was poorly adsorbed on nont (pH 3 0) and on Super Filtrol (pH 2 0) 
The fullers’ earth and Super Filtrol adsorbates were fed as such without 
attempts at elution 


DISCUSSION 

The data piesented above show that the gumea pig requires, m addition 
to the factors present in linseed oil meal, a third factor found in solubilized 
liver powder, grass juice powder, and other matenals This factor is 
assumed to be identical, at least by definition, with the GPF-3 descnbed 
by Woolley (2) Since levels of linseed oil meal higher than 25 per cent 
were not fed, the question exists as to w'hether the proposed third factor 
IS not in reality merely relieving a relatixm deficiency of GPF-1 or GPF-2, 
if either of these factors is not present in optimal amounts in linseed 
oil meal This question has not been answered Further doubt as 
to the identitj of the above factor and GPF-3 as described by Woolle> 


’ The fohc acid assays were kindly performed by T D Luokey 
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anses from his report that no source of GPF-3 could he found, while our 
data show a fairly wide distnbution of this factor 

Non-parallel concentration of folic acid and the third factor strongly 
suggests that the two are separate entities It is not known whether 
GPF-S IS identical with either of the chick factors Bio or Bn (6), although 
the latter seem more readily adsorbable on nont 

Hogan and Hamilton (7) have reported that the addition of 16 per cent 
of yeast to a purified ration satisfied all the groivth requirements of the 
gumea pig We have been unable to substantiate this finding (1) How- 
ever, the diets they employed differed from those we have used m that they 
contamed dextnn rather than sucrose as a source of carbohydrate and 
mcluded a relatively high level of cellulose Preliminary experiments indi- 
cate that although yeast alone does not supply all the essential factors 
required by the gmnea pig the substitution of dextnn for sucrose and the 
mclusion of cellulose m the yeast ration prolong the survival of animals 
and allow fair, but suboptimal growdh This can be explained on the 
hypothesis that dextnn and cellulose promote the synthesis of essential 
"n • by mtestmal bactena 

Owmg to the previously mentioned techmcal difficulty m separating the 
VI linseed oil meal factors, we have been unable to determine which of 
GPF-1, GPF-2, and GPF-3 are identical with the grass, yeast, and milk 
factors onginally proposed by this laboratorj' (1) Yeast is a fairly good 
source of GPF-3 However, it is lacking in one or both of the linseed oil 
meal factors, smce yeast alone when fed at a relatively high level will not 
support adequate growth GPF-3 is appaiently not the “grass juice fac 
tor” of Kohler et al (8) The milk assayed m these expenments w'as the 
same type of wmter milk that has been used as the basal diet m the assay 
of the “grass juice factor ” Although rmlk allowed only fair growth when 
fed as a supplement (20 cc per day) to the GPF-3-deficient ration, it is 
expected that a sufficient amount of the third factor w'ould be provided 
when wnter mdk constituted the mam bulk of the diet, as is the case in the 
ongmal assay procedure for “grass juice factor ” We have unpublished 
data showmg that linseed oil meal aviU support excellent groivth in the 
gumea pig when fed as a supplement to \vmter milk, indicating that one 
or both of the linseed oil meal factom is the “grass juice factor ” Since 
both dned grass and linseed oil meal are good souices of the “grass juice 
factor” and dned grass is limitmg m the thud factor, the dned glass must 
he a better source of at least one of the linseed oil meal factors than it is 
of GPF-3 In the preparation of grass juice powder GPF-S is concentrated 
sufficiently to make it a good source of the third factor 
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BTIMMAEY 

In addition to the factors present in linseed oil meal a factor found m 
solubihzed liver powder and grass jmce powder is required by the gumea 
pig The distnbution and properties of this factor are disctissed 
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It IS now definitely established that the feeding of poorly absorbed sul- 
fonamides such as sulfaguanidme (sulfanilylguanidme) and sulfasuxidme 
(succmylsulfathiazole) to rats receiving a synthetic ration decreases the 
rate of groudh (1-15) Black, McKibbin, and Elveh]em (1) first showed 
that p-aminobenzoic acid counteracted the effect of sulfaguamdine and 
that hver extract allowed better groivth than that obtamed on the syn- 
thetic diet without the drug Both sulfaguanidme and sulfasuxidme were 
found to induce a hypoprothrombinemia which could be prevented with 
liver extract, and the hypoprothrombinemia of sulfaguanidme is as shown 
to be corrected with p-aminobenzoic acid or a fohc acid concentrate (10) 
Martm (4) has reported the production of achromotnchia by feeding sulfa- 
guanidine and the maintenance of color in sulfaguanidine-fed rats is hen a 
fohc acid concentrate was added, and Nielsen and Elvehjem (5) shossed 
that rats fed sulfasuxidme required a dietary source of biotm m addition 
to a fohc acid concentrate Pathological changes including leucopema 
have been demonstrated in rats fed these drugs (7, 11, 12) 

The mability of p-ammobenzoic acid to counteract sulfasuxidme was 
first shoivn by Welch (9) and has been further studied by Neumann, Kinder, 
and Day (13), who showed that p-aramobenzoic acid does not prevent the 
biotin deficiencv caused by sulfasuxidme Totter and Daj (14) have 
reported that xanthopterin counteracts the decreased growth and leuco- 
penia obtamed with sulfasuxidme Wright and Welch (16) have reported 
a low level of pantothenic acid m the livers of rats fed sulfasuxidme, and 
that both a fohc acid concentrate and biotm are required to raise the lei el 
to normal 

* Published vitb the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station We are grateful to Merck and Companj, Inc , Rahnaj, Lea 
Jersey, for the crystalline vitamins, to The Wilson Laboratories, Chicago, for Juer 
Fraction L and 1 20 concentrate, and to the Cerophyl Laboratories, Inc , Kansas 
City, Alissouri, for grass juice ponder We are indebted to Dr A D Welch ofSharp 
and Dohme, Inc , Glenolden, Pennsylx ania, for sulfasuxidme and to Mr Russell C 
hlills for xanthopterin 
t Eh Lilly and Company Fellow 
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STJCCINTLSULFATHIAZOLE COUNTERACTION 


We Wish to report at this tune additional work performed m our labo- 
ratoiy durmg the past year on the action of biotm, fohc acid concentrates, 
and hver extract m counteractmg the effects of sulfasuxidme m the ration 
of the rat 


EXPERIMENTAL 


Male rats of the Sprague-Dawley stram, 20 or 21 days old, weighmg 35 
to 45 gm were fed the folloiving ration sucrose 76, casein 18, Salts 4 (17) 4, 
and com oil 2 The following vitamins were added per 100 gm of ration 
thiamme 0 2 mg , pyndoxme 0 25 mg , nboflavm 0 3 mg , calcium panto 
thenate^2 mg , mcotinic acid 0 25 mg , and cholme hydrochlonde 0 1 gm 
Each rat was given 2 drops of a 1 6 dilution of hahver oil m com oil once a 
week When sulfasuxidme was used, 0 5 gm was added to 100 gm of 
ration 

The fohc acid concentrate used was prepared from hver Fraction L 
-cordmg to the method of Hutchmgs et al (18), but the final nont adsorp 
tion was omitted Both the concentrate and hver extract' were assayed 
for fohc acid by the method of Mitchell and Snell (19), Streptococcus ladzs 
was the test organism used, and solubihzed liver' was the standard The 
fohc acid concentrate also showed considerable activity when it was assayed 
with Lactobacillus casei The liquid supplements were pipetted daily into 
small dishes separate from food and water 
Each exponmental group contained three rats, and all groups were kept 
on experiment for at least 5 weeks The rats used for leucocyte counts 
were kept on experiment for longer periods of time 
In one senes the rats were fed the sulfasuxidine ration described and 


0 5 T of biotm per day as a concentrate ' One group received daily in addi 
tion a fohc acid concentrate equivalent m fohc acid content to 0 1 gm of 
standard, a second group was given twice this quantity of fohc acid con- 
centrate A third group received daily hver extract eqmvalent in fohc 


acid content to 0 1 gm of standard, and* a fourth group was given twice 
this quantity of hver extract The quantities of concentrate and liver 
extract were based upon Streptococcus lochs assay The results of this 
senes are summarized m Table I Either the folio acid concentrate or t^ 
hver extract contaimng fohc acid equivalent to 0 1 gm of the standard 
when fed m conjunction with 0 5 7 of biotm protected rats fed the sulfa 
suxidme ration Rats given either of these supplements grew as well m 
or better than control rats receivmg no dmg and no supplement The ra 
receivmg hver extract and biotm grew better than rats fed the basal ration 


•Wilson’s, 1 20 
• Wilson’s liver Fraction L 
»S M A, No 1000 
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Without sulfasuMdme, and the rats given biotin and the lower level of 
folic acid concentrate grew ]ust as well as the rats given biotin and the 
lower level of liver extract Wlien twice as much concentrate or twice 
as much liver extract W'aa given, the rats fed the concentrate showed no 
additional growth response, but the rats given liver extract grew at a some- 
what mcreased rate 

In a second senes of rats, each of three groups leceived folic acid con- 
centrate eqmvalent in folic acid content to 0 1, 0 05, and 0 025 gm of the 
standard Three additional groups received these same supplements but 


Table I 

Average Weelly Growth of Rata Fed Sulfaauxidine and Various Supplements 



Equivaleat 
m tenns of 
standard 

Senes I 

f Senes II 

1 . 

0 5 Y bjotm 
datl> 

0 S-y biotin 
daily 

No biotin 


/rm 


fW 

Sfrt 

No sulfasuxidine 




29 

SulfaauMdine, no supplement 



13 

12 

Folio acid concentrate 





Ln or extract 


31 



Folio acid concentrate 


' 28 

25 

20 

Liver extract 1 


' 27 

31 

28 

Folic acid concentrate 



22 

20 

Liver extract 1 



27 

22 

Folic acid concentrate 1 



1 20 

14 

Liver extract 



I 22 

17 

Grass juice powder 



20 

22 

Fohe acid concentrate, acid autoclaved 




11 

“ " “ autoclaved at 





neutrality 

0 1 



21 

20 y xanthopterin 

1 


13 


40 " “ 



12 



were also given 0 5 of biotin daily Three other groups were given hver 
extract equivalent in fohe acid content to 0 1, 0 05, and 0 025 gm of stand- 
ard Each of three parallel groups leceived one of these same levels of 
liver extract and in addition 0 5 7 of biotin The lesults from this senes 
are summarized in Table I The late which lecened biotm and either 
folic acid concentrate or li\ei extract containmg as much folic acid as 
0 1 gm of standard giew well Those receiving one-half this quantity of 
fohe acid grew more slowly, and those gi% en one-fourth the onginal amount 
grew' at a definitely lowei rate In every group, whether the animals were 
fed adequate or inadequate levels of folic acid concentrate or liver extract, 
the growrth w'as better when biotin was administered than when it was 
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We -Wish to report at this time additional work performed m our labo- 
ratory durmg the past year on the action of biotm, fohc acid concentrates, 
and hver extract m counteractmg Hie effects of sulfasuxidme m the ration 
of the rat 


EXPERIMENTAL 


Male rats of the Sprague-Dawley stram, 20 or 21 days old, weighmg 35 
to 45 gm were fed the followmg ration sucrose 76, casein 18, Salts 4 (17) 4, 
and com oil 2 The followmg vitamins were added per 100 gm of ration 
thiamme 0 2 mg , pyndoxme 0 25 mg , nboflavm 0 3 mg , calcium panto- 
thenate^ 2 mg , mcotmic acid 0 25 mg , and chohne hydrochlonde 0 1 gm 
Each rat was given 2 drops of a 1 6 dilution of hahver oil m com oil once a 
veek When sulfasuxidme was used, 0 5 gm was added to 100 gm of 
ration 

The fohc acid concentrate used was prepared from hver Fraction L 
accordmg to the method of Hutchmgs et al (18), but the final nont adsorp- 
tion was onutted Both the concentrate and hver extract* were assayed 
for fohc acid by the method of Mitchell and Snell (19), Streptococcus lacits 
Has the test organism used, and solubihzed liver^ was the standard The 
fohc acid concentrate also showed considerable activity when it was assayed 
ivith Lactobacillus casei The liquid supplements were pipetted daily into 
small dishes separate from food and uater 

Each expenmental group contamed three rats, and all groups were kept 
''n expenment for at least 5 weeks The rats used for leucocyte counts 


„ kept on expenment for longer penods of time 
In one senes the rats were fed the sulfasuxidme ration descnbed and 
0 5 7 of biotin per day as a concentrate ’ One group received daily m addi 
tion a fohc acid concentrate equivalent m fohc acid content to 0 1 gm of 


standard, a second group was given twice this quantity of fohc acid con- 
centrate A third group received daily hver extract equivalent m fohc 
acid content to 0 1 gm of standard, and* a fourth group was given tivice 
this quantity of hver extract The quantities of concentrate and liver 
extract were based upon Streptococcus lacks assay The results of this 
senes are summanzed m Table I Either the fohc acid concentrate or tte 
hver extract contaimng fohc acid equivalent to 0 1 gm of the standard 
when fed m conjunction with 0 5 7 of biotm protected rats fed the sulfa 
suxidme ration Rats given either of these supplements grew as well w 
or better than control rats receivmg no dmg and no supplement The ra 
receivmg hver extract and biotm grew better than rats fed the basal ra ion 


•Wilson’s, : 20 
• Wilson’s hver Fraction L 
»S M A, No 1000 
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Without sulfasuxidme, and the rats given hiotin and the lower level of 
folio acid concentrate grew just as well as the rats gi\ en biotin and the 
lower le\el of liver extract When twice as much concentrate or twice 
as much hver extract was given, the rats fed the concentrate showed no 
additional growth response, but the rats given hver extract grew at a some- 
what mcreased rate 

In a second senes of rats, each of three groups leceived folic acid con- 
centrate equivalent in fohc acid content to 0 1, 0 05, and 0 025 gm of the 
standard Three additional groups received these same supplements but 

Tabce I 

Aierage WeeUy Growth of Rats Fed Sulfasuxidme and Variovs Supplements 


No sulfasuxidme 
Sulfasuxidme, no supplement 
Folic acid concentrate 
Luer extract 
Folic acid concentrate 
Liver extract 
Folic acid concentrate 
Liver extract 
Folic acid concentrate 
Liver extract 
Grass juice powder 

Folic acid concentrate, acid autoclaved 
“ “ “ autoclaved at 

neutrality 
20 y xanthopterin 
40 " “ 

w ere also given 0 5 7 of biotin daily Three other groups '^sre git en lit er 

extract equivalent in fohc acid content to 0 1, 0 05, and 0 025 gm ^ r 

ard Each of three parallel groups received one of these same levels of 
hver extract and m addition 0 5 7 of biotin The lesults from t m senes 
are summanzed in Table I The lats which leceited biotm and either 
fohc acid concentrate or litei extract containmg as ® ^ 

0 1 gm of standard grew well Those leceiving one-half this quantity of 
fohc acid grew more slowly, and those given one-fourth the onginal amoun 
grew at a definitely low er rate In ev erj group, whether the ammals w ere 
fed adequate or inadequate levels of folic acid concentrate or i\ er e\ rac , 
the growth was better when biotm was administered than when it was 
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omitted The growth mcrease due to the biotm was in many groups 5 gm 
per w'eek at the end of 5 weeks After 7 weeks on expenment about one- 
third of the rats which were given no biotm showed spectacle eye After 
9 to 10 weeks about one-third of them had lost hair around the mouth and 
on the throat and chest, and, m addition, showed a scaly brorni dermatitis 
The ability of grass jmce pow'der* to counteract sulfasuxidine w'as also 
detenmned Two groups of rats received sulfasuxidme and grass juice 
powder eqmvalent m folic acid content to 0 1 gm of standard One of the 
groups was given 0 5 y of biotin, and the other received no biotm The 
growth rate when grass juice powder and biotm w'ere fed w'as similar to 
that obtamed with liver extract and biotm or wuth a fohc acid concentrate 
and biotm 

The folic acid concentrate w'as autoclaved at neutrality and m acid, 
and the autoclaved preparations were fed to rats to determine their ability 
to counteract the effects of sulfasu-adme To prepare the acid-autoclaved 
concentrate, 1 part of concentrated HCl w^as added to 5 parts of foUc acid 
concentrate and the resultmg solution autoclaved at 15 pounds for 15 
mmutes The HCl was removed under a vacuum, and the remammg solu- 
tion W’as neutrahzed ivith NH4OH This preparation retained less than 
2 per cent of its ongmal folic acid activity as measured with Streptococcus 
laciis The concentrate which was to be autoclaved at neutrality ivas 
neutrahzed to htmus and autoclaved at 15 pounds for 2 hours and 15 
I I utes The folic acid activity of this preparation was nearly as great 
that of the untreated concentrate Each of these autoclaved concen 
^les was fed to a separate group of rats m quantities w’hich before auto- 
clamng were equivalent m fohc acid content to 0 1 gm of the standard 
None of these animals was given biotm The growiih results are given in 
Table I Acid autoclaving under the descnbed conditions completely 
destroyed the ability of the concentrate to counteract the effects of the 
sulfasuxidine, and rats fed this supplement grew poorly Autoclaving at 
neutrality, on the other hand, did not affect the ability of the concentrate 
to counteract the effects of sulfasuxidme 

Tw o groups of rats fed the sulfasuxidine ration and 0 5 j of biotm were 
fed respectively 20 and 40 y of xanthopterm daily The growth rates of 
these rats were practically the same as those of the rats receiving sulfa- 
suxidine w'lthout supplements These data are given m Table I 

The effect of the autoclaved preparations as well as the effect of the 
untreated concentrate and liver extract upon the sulfasuxidme induce 
leucopenia previouslj’ reported (7, 11, 12) was determined Four groups 
of rats were fed the untreated fohc acid concentrate, liver extract, aci 


* Cerophyl’s spray-dned grass juice 
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autoclaved concentrate, or concentrate autoclaved at neutrality The fohc 
acid concentrate and hvei extract fed were equivalent in folic acid content 
to 0 1 gm of standard, and the autoclaved preparations were fed m quanti- 
ties which before autoclaving were equivalent in fohc acid content to 
0 1 gm of standard The leucocyte counts of these four groups of animals 
were determined Typical values obtained are m Table II The untreated 
fohc acid concentrate or liver extract equivalent m fohc acid content to 
0 1 gm of standard prevented the leucopenia The concentrate autoclaved 
at neutrahtj was equally effective, but acid autoclavmg completely de- 
stroyed the ability of the concentrate to prevent the leucopema 

Table II 

Typical Leucocyte Count's of Rats F ed Sulfasuxidtne 


Unless othennse indicated all rats received sulfasuxidine Supplements were 
equivalent in folic acid content to 0 1 gm of standard, the assays being made on the 
material before autoclaving 


Supplement 

Rat No 

Days on 
experiment 

Leucoc> tes 
per c mm 

No sulfasuxidme, no supplement 

207 

24 

12,960 

207 

59 

12,960 


208 

60 


Sulfasuxidme, no supplement 

2U 

25 


358 

37 

3,800 


267 

54 

1,070 

Folic acid concentrate, not auto 

270 

69 

14,640 

claved 

269 

69 

9,240 

Folic acid concentrate, acid auto- 

271 

54 

1,840 

claved 

272 

46 

2,700 

Folic acid concentrate, autoclaved 

274 

68 

14,200 

at neutrality 

275 

68 

11,120 

Liver extract 

181 

63 

11,240 


179 

62 

12,800 


DISCUSSION 

It is well established that hver extract counteracts the effect of sulfa- 
suxidme Nielsen and Elvehjem (5) showed that the fohc acid concentrate 
of Hutchmgs et al (18) stimulated growth when fed to rats which had been 
receiving sulfasuxidme without supplement Our experiments show’ that 
the concentrate protects durmg the entire period of rapid growth as well 
and approximates the effectiveness of the liver extract m this respect The 
recent wrork of Welch and Wnght (15) verifies this conclusion In one 
senes the rats fed sulfasuxidme, biotin, and the concentrate grew’ as we 
as those given sulfasuxidme, biotin, and hver extract In a second senes 











ON THE HYDROLYSIS OF PROTEINS AND PEPTONES AT HIGH 
TEMPERATURES AND ON THE CATALYTIC EFFECT 
OF METAL IONS ON THE RATE OF HYDROLYSIS 

Br FRITZ LIEBEN* 

(From the Department of Surgery, Washington University School of 
Medicine, St Louis) 

(Received for publication, July 19, 1943) 

Since the tune of the studies by Hennques and Gjaldbaek (1) and bj' 
Van Slyke (2) it has been known that a complete hydrolysis of casern, 
Witte’s peptone, etc ,(15 gm m 50 cc ) can be performed in the autoclave 
at 150° with 3 N HCl m 11 hours These authors also observed that pro- 
longed heatmg in the autoclave was followed by a decrease of the free ammo 
nitrogen owing to the splittmg off of ammo groups as ammonia In con- 
nection with their studies on racemization, Levene and Bass (3) attamed 
a total hjdrolysis of casern m sealed glass tubes at 125° with 5 n HCl after 
4 hours (1 gm in 10 cc ) More recently Borchers and Berg (4) reported 
on the hjdrolysis of zem m the autoclave, they too observed the nse and 
subsequent fall of the free ammo N (Complete hydrolysis with 14, 25, 
and 33 per cent H2SO4 reqmred 30, 12, and 5 hours at 120°, 8, 6, and 3 hours 
at 140°, and 4, 2, and 1 hour at 160° respectively ) 

In this paper, expenments are reported ivith the reflux condenser and 
the autoclave, which, m the latter case, ha\e never been extended to more 
than 2 or at the most 3 hours, this is too short a time for the decomposition 
of significant amounts of ammo groups Sullivan and Hess (5) have 
further, m the course of their studies on the liberation of cystine m the 
form of cysteme from the protem complex, observed an acceleration of the 
hydrolysis rate m the presence of titamura tnchlonde (T 1 CI 3 ) 

EXPERIMENTAL 

The free ammo N w as determined in the volumetric Van Sl\ ke apparatus 
as per cent of the total ammo N aftei complete hydrolysis of 1 gm of protem 
or peptone boiled in 100 cc of 20 per cent H.^04 dunng 20 to 22 hours 
1 cc of such a hydrotyzed solution gave as free ammo N 0 93 mg for casein, 

0 77 mg for gelatin, 0 92 mg for Bacto-peptone, and 0 70 mg for Witte’s 
peptone These figures (especially for gelatin) are lower than the figures 
given m the literature (3, 6), 1 c 1 0 to 1 10 mg of NH -N, but as thev 
were obtained in a senes of tests ran m the same apparatus and under 

Present address, Department of Chemistrj, the Johns Hopkins Onivcrsit} 
Baltimore 
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HYDROLYSIS OF PROTEINS AND PEPTONES 


exactly the same conditions as all the foUowmg experiments, they were 
used as standard figures for calculation of the percental degree of hydrolysis 


Table I 

CoTreclton of Ammo N To Be Applied in Each Determination As a Function of Total 
Gas Volume Evolved during 8 Minutes 


ToUl gas e\olved 

Correction free amino N 

cc 

mt 

9 

0 10 

20 

0 15 

30 

0 17 

40 

0 19 


By drawing a curve and interpolating complete data can be obtained 


Table II 


Degree of Hydrolysis of Casein* 


Expen 

ment 

\o 

Pro- 

tein 

HiSOi 

Time 

Ttm 

pera 

Cure 

Catalyst 

Per cent of total hydrolysis 

Reflux 

condenser 

Aatocl»vt 

Vol 

tune 

Concentration 

With 

caU 

lyst 

With 

out 

cata 

lyit 

With 

caU 

lyst 

Without 

cstsilst 



cc 

per cent 

hrt 

c 






1 


100 

20 

1 

160 





100 

2 


100 

5 

1 

200 





91 

3 


100 

5 

1 

160 





77 

4 


20t 

16 

4 

B p 

TiCl, 

82 

67 



5 

1 

20t 

20 

21 

It 

It 

77 

62 



6 

1 

20t 

20 

4 

11 

It 

mm 

76 



7 

1 

201 

20 

5 

** 

It 

97 

89 



S 

1 

20t 

20 

5 

It 

SnCl, 

98 

86 



0 

1 

20t 

20 

2J 


l( 

83 

■iM 



10 

1 

20t 

20 

2J 

II 

SnCI, 





11 

1 

100 

2 

2 

It 

TiCl, 

17 

17 



12 

1 

100 

2 

2 

200 

(( 



81 

68 

13 

1 

100 

3 

2 

200 

li 



94 

80 

14 

1 

100 

5 

2 

200 

It 



98 

88 

15 

6 

100 

3 

2 

200 

It 

, 


53 

44 

16, 17 

1 

100* 

0 1 N NaOH 

2 

200 


1 



iji; 39 


* The unhealed original solution contained 5 6 per cent free amino N 
t The solution after being heated and previous to the determination was broug 


to 50 cc (2 per cent casein solution) and filtered 

The fiee ammo N, present m the protein or peptone solution before hydroly 
813, was likewise measured 
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Table III 

Degree of Hydrolysis of Gelatin 

The unheated solution of 1 per cent gelatin in water contained 3 i per cent free 


ammo N 


Experi 

ment 

No 

Protem 

HiOor 

acid 

Actd coDCen 
tration 

Tune 

Tempera 

ture 

Catalyst 

Per cent of to 

Reflux 

condenser 

tal hydrolysis 

Autoclave 

With 

catalyst 

With 

out 

cata 

lyst 

With 

catalyst 

With 

out 

caU 

l>*t 


tm 

cc 

Per cent 

hrj 

•c 






1 

2 

100 

HiO 

1 

200 





20 

2,3 

1 

100 

ft 

2 

250 





38,32 

4 

1 

100 

i( 

2 

200 

TiCl, 



65 

32 

5 

1 

100 

ti 

3 

200 

U 



90 


6 

2 

100 

“ 

2 

200 

tl 



65 

34 

7 

n 

100 

1 H,SO, 

2 

200 

** 




100 

8 

H 

20* 

H,0 

2 

Bp 


22 

9 



9 

1 

20* 

5 HjSOi 

2} 



64 

54 



10 

2 

100 

HsO 

2 

<1 

tt 

15 

7 



11 

1 

20* 

2HSO« 

2 

(( 

l( 

37 

24 



12 

1 

20* 

2 " 

21 

It 

SnCIs 

39 




13 

1 

20* 

2 " 

2i 

H 

SnCl. 

45 





* The solution after being heated and previous to the determination was brought 


to SO oc (2 per cent gelatin) and filtered 


Table IV 

Degree of Hydrolysis of Bacto-pepione and Witte’s Peptone 
The unheated solutions of Bacto-peptone, 1 per cent, and Witte a 
cent, in water contained 28 and 15 per cent free ammo N respec ive y 


Etpeti 

ment 

No 


Peptone, 1 gm 

Addconcea 

tration 

Time 

1 

Catalyst 


Per cent 

hrs 

c 


Bacto-peptone 


2i 

B p 

TiClj 

rr 


2 

200 


It 

1 HsSOi 

2 

200 

TiCli 

Witte’s 


2 

Bp 


1 " 


2 

200 



Per cent of toul bydrolym 


Reflux 

condeaicr 

Autoclave 

With 

cata 

lyst 

With 

out 

ClU 

lyst 

With 

taU 

lyst 

^vith 

out 

cata 

Jyst 

37 

2S 


35 



82 

61 

27 

20 

51 

30 
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In the determinations wnth the Van Slyke apparatus it was observed that 
the blank gas volume, the N equivalent of which must be subtracted from 
the value found in each determination, vanes mth the total volume of gas 
(NO + N 2 ) evolved durmg the determination (6 minutes) These figures 
will vary too according to the apparatus used and are, ^r the followmg 
experiments, given m Table I 

The results for casern (Hammarsten, Merck), gelatin (Pfanstiehl), 
Bacto-peptone (Difco), and Witte’s peptone (Rostock, pept siccum) are 
given m Tables II to IV After being heated on the reflux condenser or in 
the autoclave the solutions vere filtered before the determinations were 
earned out Pressures of 240 to 280 pounds per sq m uere obtamed inth 
the autoclave by heating to 200°, as catalysts 1 cc of 20 per cent aqueous 
TiClj or 0 3 gra of SnCh 2 H 2 O or 0 5 gm of SnCU SH.O u as used and 
found to be about equally effective No catalytic effect could be demon 
strated noth Cu, Ni, or Mn salts or with metallic selenium m the reflux 
condenser expenments 


DISCUSSION 

The experiments show that a complete or practically complete hydrolysis 
jf casein can be achieved (o) by heatmg a 2 per cent solution in 20 per cent 
lulfunc acid m the autoclave for 1 hour (Table II, Experiment 1) at 160° 
is has also been reported by former investigators (1, 2), (6) by boilmg a 5 
per cent solution m 20 per cent H.SO4 on the reflux condenser for 5 hours m 
oresence of T 1 CI 3 or SnCk (Experiments 7, 8), (c) bj heating a 1 percent 
iolution with the abov e catalyst in 5 per cent H 2 SO 4 in the autoclave for 
I hours at 200° (Experiment 14) In 0 1 N alkali about one-third of the 
casern is hydrolyzed under the conditions indicated (Expenments 16, 17) 
A 100 per cent hydrolysis of gelatin in 1 per cent H2SO4 is obtained in the 
autoclave at 200° m 2 hours (Table III, Expenment 7) even mthout a 
catalyst A 1 or 2 per cent solution of gelatin in water inth a catalyst is 
hydrolyzed m the autoclave at 200° to the extent of 65 per cent in 2 hours 
and of 90 per cent m 3 hours (Expenments 4 to 6) It is evident that a 
great number of other vanations, such as temperature in the autoclave, 
amount of catalyst used, time of heatmg, and concentrations of substrate 
and acid u ould lead to similar results Hon ever, the importance of low 
mitial substrate concentration should be stressed The autoclave expen- 
ments were all done in 1 or 2 per cent protein solution, inth exception 0 
Expenment 15 (Table II) m which an mitial concentration of 6 per cent had 
the effect of low ermg the degree of hydrolysis under pressure (w ith and wot 
out a catalyst) to nearly^ one-half of the amount given in the quite analogous 
Experiment 13 with a 1 per cent initial protein concentration e^en 

tial r61e of the mitial concentration apphes of course equally to hydro 3 sis 
with the reflux condenser 



F LIEBEN 


121 


It as to be expected that the tw o peptones on account of their lower 
niolecular weights nould be rather more resistant to the hydrolytic agent, 
this nas found to be the case if one considers the flee ammo N of 28 per cent 
and 15 per cent, respectively, present in the ongmal unheated solution (7) 

I n ant to thank Mr M Greenberg foi technical assistance 

SUMMARl 

Data are reported on the hydiolysis of casein, gelatm, Bacto-peptone, 
and Witte’s peptone under different experimental conditions mth the reflux 
condensei and m the autoclave TiCh, as w ell as SnCb and SnCh, mcreases 
the rate of hydrolysis to an appieciable degree, nhile Cu, Ni, and Mn salts 
are mthout effect It is notew orthy that relatively so short a time is re- 
quired for 100 per cent ly'drolysis of the protem m the piesence of the 
cataljsts, also that the 90 per cent cleavage of gelatin (1 per cent) m pure 
vater may be effected in 3 hours The peptones, as was to be expected, 
prove more resistant 
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ON THE BIOLOGICAL SYNTHESIS OF PURINES AND PYRI- 
MIDINES* 


By FREDERICK W BARNES, Jr , and RUDOLF SCHOENHEEMERt 

{From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 

University, New York) 

(Received for publication, August 10, 1943) 

That tile biological foimation of body purines does not require the pres- 
ence of prefoimed punnes m the diet has been shown foi the chicken em- 
bryo (1, 2), the silkworm embryo (3), foi a number of growing mammals 
(4-6), foi the Dalmatian coach hound (7), for adult dogs (8), and foi the 
adult human being (9) The identity of the precursors for puiine synthesis 
has not been definitelj established Arginine and histidine (10-13), glvcine, 
alanine, glutamic acid, aspartic acid, asparagine (14-17), ammonia (15-19), 
and proteins in geneial (20-22, 14, 23, 24, 15, 25, 13, 26) have all been sug- 
gested on the basis of metabolic balance experiments and tissue slice tech- 
niques Im estigations on the lole of urea as a precuisoi have gnen con- 
tradictory results (19, 27-29) The biological synthesis of pjrimidinc 
compounds and the possible i61e of pynmidines in the foimation of punnes 
aie subjects on which e\ idence has been difficult to obtain 

In an attempt to gam further insight into the manner in which these 
nitiogenous bases aie formed in animals, we have fed to lats and pigeons 
compounds marked with an excess of the nitrogen isotope of mass 15 
Pigeons were included in this study because about 80 per cent of the 
nitrogen excreted by birds is in the form of uiic acid (30) It was felt that 
this extensive sj nthesis of purine would fax oi the expenmental elucidation 
of the chemical mechanisms involved 

EXPEUIMENTAI 

The animals weie maintained on an adequate diet (see below) at approxi- 
niatelj constant weight and given about 15 pei cent of the total dietan 
nitrogen m the foim of nitrogen of the compound undei mx^estigation For 
the rats the compound was mixed xxith the food, for the pigeons it was ad- 
niinisteied ex'erx'^ 6 hours in aqueous solution by means of laibber tubing 

* Thia work was carried out wath the aid of a grant from the Josiah Macj , Jr , 
Foundation 

Submitted by F W Barnes (Columbia Umversity Fellow, 193S-40, Lalor Founds 
tion Fellow, 1941-42) in partial fulfilment of the requirements for the degree of Doctor 
of Philosophy in the Faculty of Pure Science, Columbia Umversitj 
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STOTHESIS OF PTOI^ES AND r'iRIMIDlNES 


passed into the crop All feeding e\periments weie carried out o\er a 3 
to 4 da> penod 

It has been shoun (31, 32) that ammonia nitrogen administered to rats 
extensnely leplaces the nitrogen m a large number of bod 3 constituents 
In Experiment 1 the isotopic nitrogen m the form of ammomium 
citrate, prepared as descnbed by Schoenheimei and Ratner (33), was ad- 
ministered to three pigeons Unc acid uas isolated fiom the combmed 
excreta of the last 4 daj s of the experiment Ammo acids and punnes uere 
isolated, after removal of the non-piotem nitrogen bv tnchloroacetic acid, 
from the pooled internal organs of the three birds 

Tabub 1 

Expenmeni 1 Feeding of Isotopic Ammonium Citrate to Pigeons 


Number of pigeons, thiec, nitrogen fed as isotopic ammonium citrate per pigeon 
per day, 50 mg , duration of isotope administration, days, concentration of iso 
tope, 1 13 atom per cent excess N“ 




Atom per cent N» 



calculated on 


Atom per cent 

basis of 100 per 


C1CCS5 N >* 

cent N** in 



ammonium olrale 



given 

Mixed purines of internal organs 


5 9 

Guanine 


6 3 

Adenine 


5 5 

Unc acid (last 4 days) 


15 5 

Amide nitrogen 



62 

Glutamic acid 



2 0 

Aspartic “ 

Arginine 

lof mixed inter 
nai organs 

1 0 031 

0 OOS 

2 7 

0 7 

Ornithine portion 

0 001 

0 1 

Anudine portion 


0 OOS 

0 4 

Histidine 


0 007 

0 6 


As shoun m Experiment 1 (Table I), isotopic nitrogen uas found in high 
concentration in the inic acid isolated from the excreta of the last 4 dais 
of the experiment The levels found here m ui ic acid are comparable to 
those for urea m the rat after ammonia feeding (31, 32) The read} con 
version of ammonia nitrogen to unc acid suggests that ammonia is directlj 
utilized for unc acid production in pigeons 

Glutamic acid and aspartic acid had much louer isotope lex els by com 
panson, but, as in the rat, these xxere still high This suggests that ammo 
acid mtiogen of piotem in pigeons is subject to the same tjiie of 
replacement by other body nitrogen as shoxxn in the case of the 
also that the concept of a generally available metabolic nitrogen poo { ; 
may be applied to the pigeon 
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Tlie mi\ed puiines of the internal oigans contained a concentration ot 
that \Aas 3 times that of the glutamic acid isolated from the proteins 
of these oigans It was higher than one-third of the concentration of the 
isotope in the excreted unc acid The gu&nine and adenine sepaiateh' 
isolated fiom this same source showed similai concentrations These data 
indicate that a close lelationship exists between the cellulai purines of the 
oigans and the pioduction of uric acid bv the pigeon Thev suggest that 
if there aie two pathw'aj's leading lespectivelj fiom ammonia nitrogen to 
cellular piinnes and from ammonia nitrogen to uric acid these have some 
portion of each in common It is noteworthy that the “amide nitrogen” 
of the proteins of the inteinal oigans had the «ame isotope level as the 
punnes 

Arginine isolated fiom the proteins of the inteinal organ? took, up no 
significant amount of a finding consonant ivith the dieta>-y indispens- 

Tabix II 

Expenmenl 2 Feeding of Isotopic Urea to Pigeons 
Number of pigeons, tw o, nitrogen fed as isotopic urea per pigeon per ds> , SO mg , 
duration of isotope administration, 4 days, concentration of isotope, 1 76 atom per 
cent excess N“ 


1 

Atom per cent txet % N” 

Atom per cent N‘* calculated 
on basi^ of 100 per cent 


in urea given 

Mixed punnes 

0 004 

0 2 

Unc acid 1 

0 034 

1 9 


abilitv of argimne for buds (35) and ivith the absence of arginase in bird 
liver (36) Almost no replaced the nitrogen of histidine also isolated 
fiom the organ pioteins Since Schoenheimei and cowoikei-s have shown 
that isotopically labeled amino acids replace the corresponding ammo acids 
in proteins to a v erj maiked extent, it is safe to conclude that the sv nthesis 
in pigeons of puiines and of unc acid from orally administered ammonia 
does not involve incorpoiation of this ammonia nitrogen in either piotoin 
01 non-piotein forms of arginine oi histidine as intermediarv sub-tances 
Moreover, if eithei of these ammo acids independent!} fuinished nitiogcii 
for purine synthesis, the actual X‘® concentration in that portion of the 
molecule leplaced by ammonia nitrogen would hav e reached an ev en highei 
isotope content than is indicated by oui anal} sis of the whole purine 
molecule 

In order to obtain direct evidence of the lole of urea in purine ^v nthesis, 
uiea-contaimng was fed to pigeons in Experiment 2 (lable 11) 
Unc acid was again isolated from the excretions and maxed purines were 
isolated fiom the pioteins of the internal organs The mtxed punnes 
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showed no replacement bj isotopic nitrogen and the concentration of N'* 
in the uric acid was so low , in comparison with the levels reached after 
ammoma feeding, as to preclude the likelihood that urea is normally an 
intermediary substance in purine s\ nthesis in the bird 

In Experiment 3, feeding of isotopic ammoma to pigeons was repeated 
and the organs were treated separateU in an attempt to discover which 
organs contribute to the high isotope level found in the purines isolated m 
Expenment 1 The pui iiies w ere isolated as the mixed cuprous compounds 
of adenine and guanine Fiom the work of Graff and Maculla (37) on the 
accuracy of the CiuO estimation of puimes, and from the close correspond 

Table III 

Expenment 3 Feeding of Isotopic Ammonium Citrate to Pigeons 


Number of pigeons, three , nitrogen fed as isotopic ammonium citrate per pigeon per 
■day, 50 mg , duration of isotope administration, days, concentration of isotope, 
1 31 atom per cent excess 



Atom per cent excess 
N»» 

Atom per cent 
cafeufated on basis 
o too per cent N** 
in ammonium citnte 
gt> en 

Mixed purines of ^ 

Lungs 

0 017 

1 6 

Heart 

0 016 

1 4 

Blood 

0 013 

1 1 

Pancreas 

0 042 

37 

Kidneys 

0 044 

3 0 

Gonads 

0 062 

4 7 

Gastrointestinal tract 

0 080 

7 1 

Liver 

0 101 

8 9 

Uric acid excreted on last day 

0 239 

21 1 


ence in isotope concentiation between the mixed cuprous purines and the 
isolated individual punnes when both were analyzed, we may conclude that 
the average content of the tw o punnes, adenine and guanine, is accurate- 
ly measured by analysis of the mixed cuprous precipitate The data (Table 
III) clearly show that the liver was the organ most extensively involved 
in the nitrogen replacement in punnes Thej do not prove directly that 
purine synthesis takes place m other organs, since labeled punnes could 
have been transported in the blood However, the fact that the isotope 
lev el in the blood punnes vv as low er than m any of the other organs exam- 
ined argues against transportation All organs may take up nitrogen, 
though to varying degrees Large amounts of isotope were also acquire 
by purines of the gastromtestinal tract, gonads, pancreas, and kidne)S 






F W BARNES, JR , AND R SCHOENHEIMER 


127 


Only small amounts of \\ ere found m the punne mtrogen of lung, heart, 
and blood The w ork of jMinkouski (19) on removal of the liver in geese 
indicates that this oigan is essential foi uric acid formation That it mav 
not be the only organ so involved, howevei, is e^^dent from the vork of 
Schuler and Reindel (38) 

In Experiment 1, the isotopic uric acid was secured from the mixed ex- 
cretions of the last 4 days In Experiment 3 the uric acid vas that ex- 
creted on the last day only and, therefore, had an even higher content 
than m Expenment 1 

In Expenment 4 (Table IV) \\ ith ammomum citrate, a higher concentra- 
tion of isotope v as fed to pigeons in a similar manner This time the nu- 
cleic acid of the internal oigans was isolated and from this the individual 

Table IV 

Experiment 4 Feeding of Isotopic Ammonium Citrate to Pigeons 

Number of pigeons, four, nitrogen fed as isotopic ammonium citrate per pigeon per 
dav, 50 mg , duration of isotope administration, 3 days, concentration of isotope. 


4 51 atom per cent excess N“ 



j 

Atom per ceot excess 

Atom per cent N“ 
calculated on ba is 
of 100 per cent 

ID ammonium citrate 
given 

Nucleic acid of internal organs 

0 107 

2 4 

Mixed punnes 

0 108 

2 4 

Guanine 

0 139 

3 1 

Xanthine (denved from guanine) 

0 126 

2 8 

Uric acid (last day) 

0 399 

o o 

Creatinine from carcass 

0 007 

0 16 

Adenylic acid of muscle 

0 031 

0 69 


punnes In this wa}"^ the previous results could be checked at a diffeient 
isotope level and the extent of mtrogen replacement in nucleic acid purines 
could be investigated 

As in Experiment 1 , guanine of the interna’ organs took up a large 
of isotope, the value again reaching a large fraction (about one-t nr ) o 
that observ ed in the excreted uric acid To determme whether t e isotope 
was present in the purine ring or only in the substituent imino S’"®”?’ 
guamne isolated was decomposed and the resulting xanthine 
As the latter contained almost as much isotope as the guamne from w ic 
was denv ed, it is clear that both the ring and the substituent ammo group 
are inv olved in the uptake of ammonia nitrogen 

The isotope concentration in the crude nucleic acid w as t e same as 
in the cuprous precipitate of mixed punnes isolated from the interna organs 
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Confirmation of the rapid replacement of pjTimidme mtrogen bj ammonia 
mtrogen was found in the content of the nucleic acid of each duplicate 
eipeiiment As with the pigeon e\periments, the guamne combined from 
both experiments had a higher N’* content than that of combined adenine 
by about 20 per cent Again, as in the pigeons, the isotope was m the 
ring portion of both punne molecules In guamne it m as present m greater 
concentration m the substituent muno group, as shown bj" anahsis of the 
xanthine obtamed by decomposition of the guamne However, in adenine 
the nitrogen isotope appeared to be distnbuted almost equally between the 
ring portion of the molecule and the substituent group As with the 
pigeons, “amide” nitrogen had an N“ content about the same as that of 
the punnes and pj nmidines Glutamic acid w as about 30 per cent higher 
Urea w as the chief excretorj form of The isotope concentration in 
allantom was about the same as that m the punnes, a finding which sup- 
ports the well founded concept that allantom is the end-product of punne 
metabohsm m the rat Attention is drawn to the obsen'ation that the N'* 
level of glutamic acid nitrogen was highei than that of the mixed organ 
punnes and pyrimidines in the rat, wheieas the ie\erse was true in the 
pigeon (Table I) 


Methods 

Isolation of Mixed Cupious Pxinnes — In Expenments 1, 2, and 3, after 
the birds had been killed by a blow' or by ether, the internal organs were 
remo\ ed, the gastrointestinal tracts opened and w ell w ashed out with w ater, 
and the organs placed immediately m cold 6 per cent trichloroacetic acid 
The oigans so treated were heart, lungs, hver, spleen, pancreas, kidneis, 
gonads, and gasti ointestinal tract The residue, after the tnchloroacetic 
acid was filtered off, was treated essentially bj the method of Graff and 
jMaculla (37) for quantitative estimation of purines in bodA fluids 
After the remo^ al of a sample of the final cuprous punne precipitate for 
isotope analj sis, the precipitate w a'; suspended as finely as possible in w ater 
which w'as made acid to Congo red papei wath HCl, and H-S was passed in 
After filtration and expulsion of the H»S, the lesulting solution was eiap- 
orated to a volume of about 10 to 15 ml and w as readj for punne isolation 
Isolation of Nnclcic Acid Salt — ^In Experiments 4, 5, and 6, nucleic acid 
was first isolated as a sodium salt, then the \anous bases were isolated 
from this The method consisted of extraction of the non-autob zed, fat- 
freed tissues bN 10 per cent NaCl at 70° and precipitation of the nucleic 
acid as a sodium salt by the addition of 3 volumes of 95 per cent ethano 
Through the extraction with 10 per cent ISaCl the method correspondc 
chieflj to that of Clarke and Schryx'er (40) 
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Tho ininidls \\eie anesthetized with ether, as much blood as possible was 
removed immediately by cardiac puncture, and the internal organs (h\ er, 
kidneys, gonads, snleen, pancreas, gastrointestinal tract, heart, and lungs) 
were taken out without delay, rapidl 3 ’- washed, and placed in sohd carbon 
dioxide The gastrointestinal tracts were first opened and their contents 
w'ell washed out In Experiment 4 the heart and lungs were not included 
and in Experiment 6 the seminal X'esicles of the rats were included 
The organs w ere ground up with sohd COj in a chilled iron mortar, put 
immediatel} into acetone, allow ed to stand 24 hours, filtered bj suction,,and 
replaced in fresh acetone for another 24 hours After filtration, the same 
extraction w as peiformed tw ice wath ethanol-ether (2 1) The final residue 
was washed twice with ethei, sucked xen dry, and all traces of sohent 
removed in a desiccator under constant suction for 3 to 4 hours The tis 
sues weie then ground more hnelj m a mortar and placed in boiling 10 per 
cent XaCl (20 cc per gm of the dried tissue) After 10 to 15 minutes 
boiling, the suspension was stiried mechamcallj" on a steam bath for 18 
houis, the xolume being kept constant bj' frequent additions of water 
The suspension was again heated to boiling, filtered by gentle suction 
through coarse filter paper on a steam-heated Buchner funnel, and w ashed 
once xvith about 0 05 volume of hot 10 per cent NaCl (Filtrate 1) The 
residue w as again extracted w ith about one-third the original amount of 
10 per cent XaCl in the same mannei for about 8 hours, filtei ed, and w ashed 
three times with 0 05 xmlume of hot 10 per cent X'aCl (Filtrate 2) Further 
extractions jielded no significant amounts of nucleic acid 
Filtrates 1 and 2 were then combined and the following procedure’ was 
follow ed 3 volumes of 95 per cent ethanol were slow h’’ added w ith stirring 
and the suspension set in the ice box overnight The flocculent, white 
precipitate w^hich settled out was centrifuged down and washed twice with 
G5 per cent ethanol, twice with 95 per cent ethanol, once with ether and 
finallj^ was air-dried bj^ suction It consisted of a fine white powder, not 
at all stickj This nucleic acid salt without further purification was used 
foi isolation of nuclein bases 

In Experiments 4 and 6, the nucleic acid so obtamed w as hj drolj zed b\ 
the formic-HCl method, prepiratorj'^ to Cu^O precipitation, as described 
above In Experiment 5, Lex^ene’s method (42) of acid hjdrolxsis m 
methyl alcohol was used 

Isolation of the Vanous Bases of Nucleic Acid — Guamne xxas isolated 
essentially by the method of Levene (42), the base bemg finallx obtained, 
however, as the crjstalhne sulfate 

’ Suggested by Dr Samuel Graff as an adaptation of parts of several other methods 
(chieflj Jorpes (41)) 
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Analysis — Dried over 5 6 m sulfuric acid 

Experiment 1 CsHtONj 

“ 4 (COIiONi) H S04 2HjO 

" 6, A “ 

“ 6, B 


at room temperature without \aouum 


Per cent N calculated 
46 4 
32 I 
32 1 
32 1 


Per cent N found 

43 9 

31 8, 31 8 

32 1 
31 7 


Adenine as isolated as the picrate by the method of Levene (42) 


Per cent N calculated 

Experiment 1 CiHaNs CjHaOjNj 30 77 

" 6 (A and B combined) C»HiNj 

CeHsOjNs 30 77 

Experiment 5 CsHaNt CtHjOrNi 30 77 


Per cent N found 

28 13 

30 12 
30 48 


For the isolation of pyrimidines in Experiment 5 the follois mg method 
xvas found more suitable than any other tried Purines ueie removed by 
hydrolyzing 3 0 gm of nucleic acid according to the methj 1 alcohol method 
of Levene (see above) Af tei removal of both crops of purine hydrochloi ide 
bv centiifugation, the supernatant was evaporated to a dark syrup uhich 
u as taken up m 25 ml of 20 per cent HCl and heated at 175° in a bomb tube 
for 2 hours The mixture was diluted uith uatei to 200 ml , brought to a 
boil, and filtered The filtiate was evapoiated to dryness zn vacuo and 
the 1 esidue taken up in about 200 ml of w ater Solid sib er carbonate « as 
added until all chloride w as precipitated, the solution being kept slightly 
acid to Congo led by addition of nitric acid The suspension uas filteied 
by suction through diatomaceous earth, the excess silvei lemoved iiith a 
minimal amount of HCl, and the filtrate evaporated to about 4 ml Crvs 
tals of thjmiine came out slouly in the ice box oxer a peiiod of 2 days, 
xveie filtered off by suction, and u ashed uith water Thex were tivice 
recrx stallized from xx atei , a small amount of chai coal being used for com- 
plete decolorization They xxeie dried m a desiccator m vacuo over phos 
phoius pentoxide at room temperatuie Yield 13 0 mg 


Analysis — Kjeldahl method Experiment 5 

CiHjO N Calculated, N 22 2, found, N 24 4 

For isolation of cytosine the filtrate fiom the ciystals of thymine was 
brought to a pH acid to litmus and alkaline to Congo red, boiled with a 
little charcoal, and filtered The filtrate xxas exaporated to a xmlumc of 
about 10 ml and an excess of 5 per cent picnc acid in 95 per cent cthano 
added The mixture xxas placed in the ice box, after 18 hours the pre- 
cipitate xxas filtered off by suction and xx ashed xxell xxith cold water The 
precipitate of cx’tosme picrate xxas lecrystallized from xvatei txxice, and t e 
crystals dned at 105° foi 3 hours tn vacuo ox ei PiOs Yield 44 0 mg 

Analysts — Dumas method Experiment 5 

C4H1OX. CeH.OjN, Calculated, X 24 74, found, N 26 67 
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In an effort to obtain pure cytosine, the free base, the picrate was taken 
up in 1 0 N HCI and the picric acid extracted continuoush w ith ether The 
^ueous solution was then treated wath a stoichiometnc amount of dilute 
(0 12 milhequivalent), evaporated almost to dnnes.s, and placed in 
a desiccator m vacuo o\ er NaOH The drj’- crystalhne residue w as mois- 
tened with w ater and leplaced in the desiccator as befoie in order to remo^ e 
all traces of HCI The ci > stals w ere then taken up in w ater, filtered, and 
e\ aporated to a \ olume of 0 5 ml Addition of 3 volumes of 95 per cent 
ethanol resulted in a cnstalline, white precipitate The cr\ stals were left 
111 the ice box overnight, filteied off bi suction, and washed twice with 75 
pei cent ethanol The product, 18 mg, was iecr\stallized from 75 per 
cent ethanol and taken up in w atei The solution w as neutralized to litmus 
b\ careful addition of XaOH and evaporated to small volume (about 0 5 
ml ), when mother-of-pearl plates separated The mixture was allowed to 
stand in the ice box overmght, the pioduct, 5 3 mg , was filteied off b\ suc- 
tion, recrj stallized from water, and dried at 105° rn vacuo over phosphorus 
pentoxide for 2 hours Yield about 4 mg 

Experiment 6 C.HsOX, Calculated, N 37 8, found (Kjeldahl), N 37 2 

For both parts of Experiment 6, the pynmidines were isolated as the 
mixed silver-pyrunidine complexes according to the method of Kossel (39) 
For this, hydrolysis was performed at 175'* m 20 pei cent HCI, as above 
In Expenment 6, A the hv’-drolysate, after removal of HCI by e\ aporation, 
was made just acid to Congo red by addition of NaOH, then a slight excess 
of silver mtrate was added and the precipitate filtered through diatomaceous 
earth Saturated Ba(OH )2 w as added until the reaction of the suspension 
was shghtly alkaline to Congo red After filtration through kieselguhr and 
charcoal, to the colorless filtrate more sdver nitrate was added until an 
immediate brow'n precipitate was produced when a drop of the solution w as 
made alkalme with Ba(OH )2 Saturated Ba(OH)» solution w as now added 
slowly until a lasting, defimtely brown precipitate formed Thus was 
centnfuged off at once, washed plentifully with water, taken up in water, 
and subjected to a stream of H 2 S After removal of the sulfide b\ filtration 
with charcoal, the resulting clear solution w'as in part submitted for isotope 
analysis The yield, as measured by Kjeldahl ana^sis, was 11 mg of 
mtrogen, correspondmg to about 35 mg of pjoaimdine base In Ex^pen- 
ment 6, B the same procedure was followed except that an attempt was 
made to isolate the individual p 3 '’nmidines after removal of silver sulfide 
Only about 2 mg of each could be isolated and, as purification or identifica- 
tion was impossible with such amounts, it was decided to make an isotope 
analj'sis on the total mixed product of silv'er precipitation as in Expen- 
ment 6, A 

Isolation of “Amide" Nitrogen, Aspartic and Glutamic Acids, Histidine, 
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Argiinne — These Mere all isolated from the residues of the internal organs 
which had pre^ lously been treated wnth tnchloroacetic acid and then either 
hydrolj^zed for punne removal by the cuprous oxide method or extracted 
with 10 per cent NaCl to obtam nucleic acid In either case, after the 
ensuing protein hydroljsis wnth 20 per cent HCl, it was found necessary to 
remove the ammo acids from the contaminating salts by drjnng the residue 
m vacuo and extractmg with 95 per cent ethanol The methods used were 
those previously described from this laboratory (43, 31) The histidine, 
isolated as the monohydiochlonde, was finally analyzed as the 3,4-di- 
chloiobenzenesulfonate (44) 


Glutamic acid hydrochloride 

XSeW 

mg 

268 

\ calculated 

7 6 

N found 
(Kjeldahl) 

7 6 

Same 

209 

7 6 

7 5 

Histidine 3,4 dichlorobenzenesulfonate 

9 

6 9 

6 8, 6 8 

Aspartic acid 

107 

10 5 

10 4, 10 4 


Decomposition of Arginine to Ornithine — Ornithine was obtained as fol- 
lows About 350 mg of argimne flax'ianate were dissolved in 35 ml of con- 
centrated HCl and chilled in the ice box, the flai lanic acid w as filtered on a 
sintered glass funnel and washed well with cold concentrated HCl The 
slighth yellow filtrate w as diluted with about 2 a olumes of w ater, boiled 
with charcoal, and filtered hot Aftei evaporation to about 30 ml the 
deal , colorless solution w as treated w ith 5 gm of solid BaO and boiled in a 
stream of iiitiogen gas (45) w ith the use of a reflux condenser and acid trap 
After 24 houre, 95 pei cent of the calculated quantit}^ of NHs had e\ oh ed 
The barium was removed bj means of H-SOi and isotope analjses were 
made on the filtiate and on the ammoma 

Isolation of Vne Acid — The method used was essentially that desenbed 
by A eubauer and Huppert (46) The droppings of the pigeons, collected over 
a given period, were mixed together and extracted continuous^’’ with a 
solution o! 85 per cent alcohol contaimng acetic acid m 10 per cent concen- 
tration for 10 hours After being allowed to drj'^, the undissolved residue 
w as ground up, heated on a steam bath for a few minutes m about 3 volumes 
of 2 per cent NaOH, cooled, centrifuged, and washed with about 1 volume 
of 2 per cent NaOH The combined supernatants were then immediate!) 
saturated with CO 2 (about ^ hour) and let stand overnight The colorless 
precipitate of sodium urate was centrifuged off, washed once wuth dilute 
NaHCOa solution, suspended in w ater, and stronglj acidified, wuth mechan- 
ical sturmg The resulting unc acid was centrifuged, washed wuth 
and dried It was then taken up in concentrated H'SOi at 20-25 an 
filtered by suction through asbestos The filtiate was slowlj diluted to 
about 50 per cent, the resulting precipitate w as centnfuged and taken up 
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m water mth just enough NaOH, the solution was Manned for a moment 
Mith charcoal, filtered, and promptly made acid to Congo red noth HCl 
The material was pennitted to stand in the ice box overnight and after 
filtration by suction the product was reciystalhzed from dilute NaOH and 
HCl Muth charcoal as many as three to four times until crystalline, nhite 
matenal separated The unc acid was dried at 100° over PaOs tn vacuo and 
analj'zed by the Ivjeldahl method The N content in four experiments 
Tanged from 32 9 to 33 3 (calculated 33 3) 

Decomposition of Guanine to Xanthine — The method was based on those 
of Strecker (47) and of Fischer (48) To 28 mg of guamne M'ere added 55 
mg of concentrated H-SOi in 0 4 ml of m ater With the reaction tube 
just Mithin the mouth of the steam bath, 21 mg of NaNOi Mere added 
sloMly in a minimal amount of H;0 mth much stirnng After being al- 
loMed to stand m the ice box overnight, the suspension Mas centrifuged 
The mange precipitate M’as M'ashed with cold Mater and dissolved bj' Mann- 
ing in a nununal amount of 15 per cent HjSOi This solution Mas diluted 
mth hot Mater to 2 per cent, decolonzed with charcoal, and evaporated to a 
small volume under a current of air at 75° It Mas cooled sloMly in the 
room (one may have to dilute slightly if crystals do not form), and then m 
the ice box The crystals M'ere centrifuged. Mashed tMuce Math cold 15 per 
cent HjSOi, and recrystallized from 15 per cent HsSOi in the same May 
Finally the product Mas taken up in Mater, neutralized Math NaOH, and 
alloM'’ed to stand in the ice box overnight The precipitate M’as filtered bj’ 
suction, washed well Math water, and diied at 140° over P2O5 in vacuo for 2 
hours The yields of xanthme (calculated, N 36 8) Mere 14 and 5 mg from 
38 and 28 mg respectively of guamne Found, N 36 2, 36 0 
Decomposition of Adenine to Hypoxanlhine — The method folloMed Mas in 
part that of Kossel (1) To a M'arm solution of 51 mg of ademne in 1 4 
ml of 7 per cent HsSOi were added slowly, Mith stirnng, 80 mg of NaNO» 
dissolved in a minimal amount of water The tube mss then placed in a 
boiling Mater bath foi 3 to 5 minutes When cool, the solution Mas made 
alkalme to Congo red but acid to litmus and cooled in the ice box overnight 
The precipitate M’as then centrifuged off, M’ashed tMice Mith cold Mater, 
taken up m a small volume of 3 per cent HCl, filtered hot, ei aporated to a 
small volume, and treated M’lth an excess of gold tnchloride (49) The 
solution M’as cooled in the ice box overmght, and the thick orange cn stals 
Mere filtered off, washed Mell Mith 1 per cent HCl, and recn stallized from 
3 per cent HCl The yields of the aunchlonde, CsH60N4ChA.u (calcu- 
lated, N 11 8), dned under atmospheric pressure over P-Os, Mere 77 and 
18 mg from 51 and 8 mg respectivelj’ of ademne Found Nil 7, US 
Isolation of Urea {Rat, Experiment 6) — The method folloMed Mas that 0 
Craff, Maculla, and Graff (50) wth slight modifications personallj sug- 
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gested by those authors The dixanthjdurea ga^'e correct N values (6 6) 
by Kjeldahl analysis 

Isolation of Allantoin — The method used uas that of Wiechowsky (51) 
It Mas found difficult to isolate pure samples of allantoin and also to digest 
them completely for Kjeldahl analjsis The samples were dned t?i vacuo 
at 125“ for 2 hours over PoOs One sample w as found to contain 3 per cent 
inorganic ash, uhen this uas allowed for, the sample gave a satisfactory 
analj sis It w as necessary' to digest for 8 hours by the Kjeldahl procedure 
and to make ser eral additions of H 2 O; dunng the digestion to get satis- 
factorj values for nitrogen on any of the samples 

C.H.OjX, Cnlculated C30 4, H3S, N355 

Found “ 30 4, » 3 9, “ 35 4, 35 7 

Diels — The rats w eie kept on an adequate stock diet (32) The pigeons 
were kept on an adequate diet of mixed grains, of which a sample bj 
Kjeldahl analj sis had a nitrogen content of 1 86 per cent The pigeons ate 
this diet wnthout restnction 


SUMMARY 

These expenments demonstrate that ammonia nitrogen m pigeons and 
rats is rapidly incorporated into purmes and pynmidines of the nucleic 
acids of the internal organs, and also into uric acid and allantom for excre- 
tion Punnes and pjnmidines accoidmglj' belong to the large number of 
jdj substances whose mtiogen is bemg rapidlj' replaced at all times 
^ ■! anent of mtiogen in these compounds must mean that the nng 
structure is broken in the process, so that w e haY e here another instance in 
which complex compounds in the bodj' are not relativelj’’ static but are 
undergoing constant breaking of carbon-nitiogen, and peihaps other, link- 
ages In both the rat and the pigeon the substituent iniino group in guan- 
ine undergoes a gieatei replacement bj' isotope than does that of adenine 
In the pigeon the rates of excretion and the relatne concentrations sug- 
gest that nitrogen tiaieising the pathiiay of sjmthesis from ammonia to 
uric acid passes thiough purines and pj nmidines of at least some of the cells 
of the internal oigans, and that these substances, as intrinsic chemical con 
stituents of the cell, are also intermediaries in the com'ersion of bodi nitro- 
gen to purine for excretion In the lat the same appears to be tree, 
although a much smaller proportion of the geneial body nitrogen is con- 
verted bj' Y\aY of the punnes and pjaimidines to the end-product, allantoin 
It should be noted that nitrogen fed as ammonia to birds did not find its 
w aj' into muscle creatimne and entered to onlj a small extent into muscle 
adenjhc acid 

The fact that the isotope levels found in the pjnmidines are appro\i 
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mately the same as those jn the pUnnes throws further light on the part 
played in metabolism by pyrimidines E\ idently these substances under- 
go nitrogen replacement in the same manner as do the punnes The iso- 
tope levels are so closelj' alike as to suggest that pyrimidines are involved 
in the same metabolic processes as are the punnes Finally, if the}'^ are 
converted to a punne for excretion, as the data indicate, it is quite possible 
that they are synthesized into body punnes as well 

Two earlier observations enable us to extend the significance of these 
findings Firstly, Minkowski (19) noted that after removal -of the livers 
from geese the unc acid of the unne W'as replaced by ammonia and lactic 
acid, and this fact, taken together with the present demonstration that 
ammoma mtrogen is rapidly incorporated into punnes and pinmidines, 
makes possible the conclusion that ammonia itself, oi some closelj related 
substance, is a nonnal intei mediate m puiine and pynmidme s\nthesis m 
the bird The similar results with the rat suggest that the same is true 
in this ammal These findings, which agiee with earliei eiidence legard- 
ing the conversion of ammonia nitrogen to punnes (15-17), support cuirent 
views (32, 36, 52) as to the importance of ammonia m the general nitiogen 
economy of the animal oiganism 

Secondly, Schoenlieimei and his collaboratoi's have shown that in the 
rat ammonia mtrogen is rapidl 3 '' converted into ammo acids and urea and 
apparently enteiB a generallj available, biologically labile ‘pool” of 
mtrogen which is involved in numerous interconversions in the bodj' 
We now see that the same general situation appaiently also obtains m the 
pigeon Since ammonia nitrogen becomes indistinguishabh merged with 
the general metabolic nitrogen which is made up in large part of labile 
protein nitrogen of both food and bodj , it is ev ident that protein nitrogen 
must be continually used foi puime and p 3 nmidine S 3 nthesis This fits 
well wnth the fact that almost all of the nitrogen excreted b 3 the pigeon is 
in the form of uiic acid, and with the fact that in all animals so far tested 
the excietion of punnes is not lediiced b 3 ' lestncting the dietar 3 nitrogen 
to protein souices Furthermore, it coiioborates the conv ersion of ammo 
acids to punnes, obseiwed in numerous feeding and tissue slice experiments 

As for othei specific precumors the data giv en here show that the pigeon 
IS incapable of utilizing urea for punne svnthesis Furthermore, in this 
bird, arginine and histidine do not he on the pathw a\' of the «v ntlicsis of 
punne and pynmidme from ammonia The absence of isotope m arginine 
testifies to the essential chaiactei of this amino acid in bird nutntion \s 
foi the rat, since the uptake of N’* in histidine isolated from the carcass 
proteins after ammonia feeding is confined to the a-annno group (53), the 
imidazole nitrogen takes no part in punne svnthesis from ammonia In 
the case of arginine in the rat, although ammonia nitrogen is rapidh in- 
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corporated into the amidine group (31), little or no isotope could be found 
in unnary allantoin after the feeding of arginine marked ivith N'® in the 
amidine group (54) Although these three substances, urea, histidine, and 
argimne, could (except for urea in the pigeon) conceivably contnbute 
mtrogen to some part of the punne or pynmidine molecule not built up from 
ammoma mtrogen, it seems improbable that they aie specific precursors 
of punnes or pyrimidines in either ammal 
The ready synthesis of nucleic acids from general metabolic nitrogen in 
rats and pigeons suggests that this phenomenon is nude-spread in the 
animal kingdom It appears possible that in such species as excrete nitro 
gen in the form of a punne there has not developed a different tipe of 
metabolic pathway but that a nide-spread biological process has been 
adapted to special purposes 
• 

The author wishes to express his appreciation to Mr I Sucher foi the 
isotope analvses and to Mi Wilham Saschek for the carbon, hydrogen and 
Dumas mtrogen analy ses reported 
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Ql VNTITATIVE .AIICRODETERMINATION OF AMMONIA IN 
THE PRESENCE OF GLUTAMINE AND OTHER LABILE 
SUBSTANCES 

D\ REGINALD M ARCHIBALD* 

(From the Hospital of The RoeJefeUer Institute for Medical Research, New Yorl) 
(Rcccncd for pubhcntion, Julv 2, 1943) 

Wlule manj forms of appaiatus and methods have been deviseO for the 
quantitatnc microdetcrmmation of NHj, «e nere able to find m the litera- 
ture none nliicli was enliroh suitable foi use m the piesence of substances, 
such as glutamine, uhich arc labile at a pH higher than 10 0 and vhich are 
also thcrmolabile 

The technique foi “diioct” nc«sIerization of filtrates obtained from pre- 
cipitation of piotcins outlined bj Gentzkou (1), in which gluconate and 
persulfate are added to preient clouding of the Nessler’s solution, is a dis- 
tinct ad\ ance, but the high pH of Nessler’s reagent results m relativ ely rapid 
increase in ammonia content of the unknouai when labile substances such as 
glutamine are picsent Conwaa ’s (2, 3) micro diffusion technique is useful 
under manj circumstances, but the saturated potassium carbonate solution 
used to libeiate the ammonia and the length of time required to effect 
transfer miolvc considerable erroi due again to relatively high “blank” 
lalues from destruction of labile glutamine While reproducible and 
accurate results seem to be obtained by Conway (3) and Koprowski (4) 
with the more rapid incomplete diffusion method, m which only 40 to 60 
per cent of the ammonia is transferred and measured, even here the unknown 
IS exposed to high pH for an appreciable time and many “units” are required 
to obtain comparable results for a senes of moderate size 

The technique outlined below has been found satisfactorj’ for the deter- 
mination of ammonia in biological preparations (as for example blood 
plasma) in which the concentration of labile ammonia-forming matenal is 
important in companson with the free ammonia It has proved useful also 
in studymg the influence of various factors on the rate at which glutaminase 
hj drolyzes ammonia fiom glutamine In such a study the concentration of 
ammonia to be measured is small compared with the concentration of resi- 
dual labile substiate and the use of a method which involves gentle treat- 
ment is impeiative The method has proved so simple and rapid that it 
has been prefeired in this laboratoiy for micro distillation and determination 
of ammonia even in the absence of labile ammonia-forming matenal, 

‘Fellow of the National Research Council, Division of Medical Sciences 
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although under these cucumstances the method offers fewer advantages 
over ones already descnbed 

Because of the mild conditions used, the techmque can be applied readily 
to the removal and quantitative determmation of relatively large amounts 
of preformed ammoma followed by the quantitative determmation of 
mmute amounts of ammoma from labile substances m the same aliquot, as 
m the successive determmation of preformed ammonia and glutamine 
amide N in normal unne 

The method m principle is identical with that descnbed bv Pucher 
cl al (5) but has been modified to appl}’’ to blood and to smaller portions of 
ammonia and to facihtate rapid transfer of distillate and washmgs to the 
volumetric container in which it is nesslenzed 
Reagenls — 

H^SOa, approximately 0 04 ^ 0 50 cc of concentrated H 1 SO 4 diluted to 

500 cc The solution is stored m a containei through the stopper of winch 
passes a 5 cc Mohr pipette 

Salurated borate buffer of pH 10 1 Bora\, u s p , powder 188 gm , and 
47 cc of 18 N NaOH (or 34 gm of NaOH) are boiled with 1900 cc of water 
15 minutes to remove traces of ammonia The solution is then allowed to 
cool to 30° and the volume made up to 2 liters On bemg cooled to room 
temperature some crystals form but the supernatant has a pH of 10 0 to 
10 1 A portion is stored in a convenient sized container the stopper of 
which IS fitted with a 2 cc Mohr pipette 
Anltfoam Equal parts of tnbutyl citrate' and methyl benzoate" in a 
oppmg bottle 

Distilled water should have a low ammonia content Redistillation has 
not proved necessary in our laboratory 

Standard {NHfj’ySOt, 0 0005 m 1 cc contains 0 014008 mg of N 
Nesslcr’s solution as prepared by Koch and McMeekin (G) 

Method 

The distillation apparatus is shown m Fig 1 A 150 watt hot-point 
heater m senes with a vanable resistance maintains the temperature in the 
outside bath at 50° (±0 5°) without the aid of a thermostat The bath is 
stirred by a current of au bubbles The receivmg unit A (prepared ac 
cording to our specification by Machlett and Son) is charged with 5 cc of 
0 04 N H 2 SO 4 The stop-cock of this umt should be kept hghtly greased 
WTth a hea^'y rubber grease Lighter grades of lubncation result m cloudj 
distillates The ground glass stopper G is not greased and remams 
turned so as to connect the chamber to the side arm With the unit A in 

‘ Commercial Solvents Corporation, 17 East 42nd Street, New York 
’ Givaudan Delaw anna, Inc , 80 Fifth Avenue, New York 
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place, the \acnum from a good water pump is applied The 50 cc Pyie\ 
centnfuge tube B containing the 1 to 5 cc sample of unknown (containing 
0002 to 0 05 mg of NHj-N) and 1 drop of antifoam is attached and cock 
E IS opened 2 cc of borate buffer arc placed in the side cup C and admitted 



slowlj'^ through the obhque bore cock The apparatus, suspended by the 
side cup from a nng-stand, is lowered into the bath bj’’ moving a single 
clamp and the distillation proceeds for 5 minutes Vigorous boihng starts 
before the temperature inside reaches its maximum of 42 5° Bumpmg is 
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Table I 


Recovery of NHi on Dielillaiion 

Corrected for distillation blank and NHj preformed in plasma Temperature of 
water bath 50° 


NHj-N added 

recovered in 5 mm from 


5 cc HjO j 

1 2 cc dog plasma, + 3 cc HiO 

mr 

me 

Per cent \ 

1 m 

per cent 

0 0070 

0 0069 

08 6 


102 8 


0 0068 

97 1 


101 4 

0 0140 

0 0142 

101 4 


99 3 


0 0140 

100 0 


99 3 

0 0280 

0 0285 

101 8 

■MM 

98 9 


0 0279 

99 6 


98 9 

0 0420 

0 0415 

98 8 


99 3 


0 0415 

98 8 

0 0417 

99 3 

A\ erage 

i 

99 5 

1 

99 9 

Total 0 1820 

0 1813 

99 6 

0 1809 

99 4 


Table II 


Comparison of NHi Content of Dog Urine hy Distillation and Aeration Titration 


Dog 

Interval No | 

Vaenum distilUuoa 

Aeratioa 



mi NBr-'S permtn 

nt NBfH per «‘i> 

A 

1 

0 562 

0 568 



0 562 

0 568 


2 

0 605 

0 620 



0 605 

0 620 


3 

0 634 

0 608 



0 596 

0 608 

B 

1 

0 775 

0 800 



0 775 

0 800 


2 

0 714 

0 750 



0 726 

0 750 


3 

0 719 

0 745 



0 715 

0 745 


Table III 


Decomposilion of Glutamine and Urea during Vacuum Distillation at pH iO 


NHr-N distilled during 

i 1 

Glutamine 

Urea 


Per cent cmtde N 

per cent total ^ 

1st 5 min 

0 33 (0 15 preformed) 

0 0012 (0 0008 preformed) 

2nd 5 “ 

0 18 

0 0004 

3rd 5 “ 

0 18 

0 0004 

4th 5 “ 

0 13 

1 0 0003 
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pre\cntcd bv a current of air (3 to 1 cc per 5 minutes) delivered through 15 
cm of gloss capillnrj ’ of 0 05 mm bore This air is previously washed free 
of ommonia bj passing through gloss wool moistened with 10 n HjSOi m 
cylinder D 

At the end of the 5 mimilc dislillotion the stop cock E is closed and the 
unit disconncclcd The distillate is then dehvered through stop-cock E 
into a 10 cc volumclnc flask, the neck of which has an internal diameter of 
9 mm Tlie recen mg unit including the stopper is rinsed down with re- 
peated small portions of distilled water until the volume of acid distillate 
and rinsing in the flask is 10 cc It is unnecessary to nnse the side arm of A 



Distillation blanks are run with, mstead of an unknoivn, an amount of 
distilled water equal to that used m transferrmg tlie sample to the tube B 
Standards are made by adding to each of four 10 cc volumetnc flasks 5 cc 
of 0 04 N Amounts of standard 0 0005 M (NID) 2 SOi are added to 

cover the desired range {eg 0, 1, 2, and 3 cc ) and the volume of eac 
standard is made to 10 cc ivith water ^ 

To each standard, blank, and unknoivn is added 0 5 cc of Nesslers 
reagent This addition and mixing are done convemently m the 10 cc 
volumetnc flasks The absorption of light of X = 450 m/i was measur in 
this laboratoiy in a Coleman spectiophotometei 

’Marine barometer tubing is a sturdy capillary and is convement to use for this 
purpose It can be obtained from the Corning Glass Works, Coming, New 
Thermometer tubing with an internal diameter of 0 03 mm , thoug ess esira , 
can be used as a substitute 
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Results 

Recovenes of (NH4):S04 on distillation from H.O and after addition to 
plasma are shown m Table I 

Determmations of ammonia in diluted dog iirme are shown m Table 11 
m which the values obtained on distillation are compared with the ammonia 
content as measured by the Van Slyke-Cullen (7) aeration titration tech- 
nique The shghtly higher values obtamed b5' the latter technique are due 
partb to ammoma formed b3' decomposition of small amounts of glutamine 
in the urine 

The rate of distillation of ammoma from 5, 10, and 15 cc of solution is 
mdicatedin Fig 2 The rate of decomposition of glutanune and urea under 
these conditions is indicated m Table III Results alreadj' obtamed bj this 
techmque and which indicate the ammonia and glutamine content of dog 
and human plasma and urme as well as results similarly obtained in the 
studj’^ of conditions affecting the rate of action of glutanunase are to be re- 
ported subsequentlj'- 


Discussion of Method 

The usual precautions obsenmd in micro ammonia determmation should 
be obsen'ed While the acidified glass wool trap removes ammoma from 
the air entering the umt dunng distillation and m the course of seieral 
> mdred determmations collects considerable ammoma, the amount of air 
so washed is small compared with the volume of the apparatus and the air 
which bathes the walls of the tubes and wash bottle dunng transfer of 
specimens It is therefore essential to work in an atmosphere as free from 
ammonia as possible As w as pomted out bj' Needham (8), tobacco smoke 
must be avoided 

Tnbutjd citrate alone is almost as effectne as the antifoam muwture 
recommended and can be used alone if necessary'- Capryhc alcohol distils 
away so rapidly that it loses its effectiveness as an antifoam material 
before the 5 minute distillation period is over It can be used, howei er, if 
fresh portions are added dunng distillation and if gluconate persulfate (1) is 
added to the distillate to prevent the formation of turbidit3'’ on nesslenza- 
tion With colloid-free water solutions no antifoam material need be 
added, but wath tissue extract, and especiaU3 wath fresh plasmas, such a 
reagent is necessaiyo^ With some plasmas it is necessao' W ® 
through the side arm after the 3rd nunute The tnbutyl citrate mefhil 
henzoate mixture neither gnea rise to turbidity m the distillate nor de- 
creases the intensity of the color produced wath Nessler’s reagent The use 
ol the specified antifoam material and of the trap H results m a tmnimum 
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mechanical transfer of spraj' even when bubbles of the vigorously boihng 
liquid m the tube D nsc to touch the trap ■* 

That this method might be applicable to blood analysis, mechamcal 
carrj -over of spra} and foaming have been reduced by cutting the air cur- 
rent to the minimum compatible mth even boihng The ammonia is 
transported chiefly b^’ a current of water vapor Distillation of 3 cc of 
n ater provides a vapor current equivalent to 4 liters of air The resistance 
to \apor flon in the boic of the stop cock E and the capillary above E is a 
cntical factor affecting the late of boihng, the temperature of the contents 
of the tube B, and, when protein solutions arc used, the degree of foaming 
Eien small departures from the specifications can appreciably affect the 
temperature and pressure gradients, the percentage recovery of ammonia, 
and the degree of breakdown of thermolabde compounds When the tem- 
perature of the bath is 54°, the temperature m B at the end of the 5 minute 
distillation penod is 40°, if 2 cc each of standard (NH)) 2 SOj and alLahne 
buffer are present If 2 cc each of plasma and buffer are in B, the max- 
imum temperature there is 43 5° When the bath is at 50°, the tempera- 
tures m B are 38 5° and 42 0° respectively The temperatures and times 
outhned apply only to the apparatus specified, and it should be emphasized 
that the specifications given are those found best for the handling of small 
\ olumes of tissue extracts and plasma When larger contamers {B) are used 
to facilitate removal of ammoma from volumes of fluid greater than 10 to 
15 cc , a standardization cun'e similar to those m Fig 2 should be made for 
each container The use of larger contamers ivill mcrease the temperature 
attamed therein The extent of this mcrease ivill depend on the thickness 
and area of the walls If labile amide N is present, the bath temperature 
should therefore be lowered and the duration of distillation increased 
accordingly 

The two rubber stoppers pi ovide flexibility and facilitate rapid handling 
The surface of rubber exposed m the umt is small and although transfer of 
ammoma to and from the rubber m these stoppers does take place to a small 
extent the error resulting is small For most purposes the greater flexi- 
bility of rubber connections is to be preferred to a rigid all-glass apparatus 

*\\hen unknowns contain a high concentration of detergents such as Aerosol, 
Duponol, or Turkey red oil (dioctjl sodium sulfosuccinate, sodium dodecyl sulfate, 
or sodium ricinolejl sulfate), it is necessary to add to the aliquots of unknoiin and 
to the corresponding blanks 2 cc of mineral oil or 2 to 4 cc of kerosene, or both, 
and to increase the length of the distillation period by SO per cent When addition 
of kerosene is necessary, it is convenient to use 2 cc of a light grade lubricating 
oil (such as S A E No 10) which already contains kerosene The oil which dis 
tils over causes slight but constant turbidity and increases the distillation blank 
slightly but does not interfere with the subsequent nesslerization 



148 


AMMONIA DISTILLATION 


Before placing new rubber stoppers in senuce it is essential to boil them for 
an hour -with normal NaOH 

As indicated b} Pucher e( al (5), it has been found necessary to run and 
discard two blank distillations pnor to each senes of analyses in order to 
remove anunomum salts w Inch accumulate on the apparatus as it stands in 
the laboratory 

When a senes of distillations is earned out, each complete operation re 
quires between 7 and 8 mmutes It is convenient to use alternately for B 
two centrifuge tubes, one being charged inth unknown while the other is 
attached to the distillation umt 

The author IS indebted to Dr D D Van Slj'ke and to Dr P B Hamilton 
for many helpful suggestions and to Dr Hamilton for most of the glass 
blowmg required durmg the evolution of the distillation umt 

SUMMAKT 

A simple accurate micro distillation technique is desenbed suitable for 
use in the quantitative determmation of NHa when labile NHj-yielding ma- 
terial IS present 

BIBUOQBATHY 

1 Gentzkow, C J , / Biol Chem , 143, 531 (1942) 

2 Conway, E J , and Byrne, A , Biochem J , 27, 419 (1933) 

3 Conway, E J , Biochem J" , 29, 2765 (1935) 

4 Koprowski, H , and Uniski, H , Biochem J , 33, 747 (1939) 

5 Pucher, G tV , Vickery, H B , and Leuvenw orth, C S , Ind and Eng Chem , 

Anal Ed , 7, 152 (1935) 

6 Koch, F C , and McMeekin, T L,J Am Chem Soc , 46, 2066 (1924) 

7 Van Slyke, D D , and Cullen, G E,J Biol Chem , 24, 117 (1916) 

8 Needham, J , Biochem J , 33, 149 (1939) 



,UIINO ACID STUDIES 


III TliEIlEVLnSIBlLlT^ OF PL \SMA AMINO ACID HETENTION DURING 
RECOVERS FROM DILTARA IIAPOPROTEINEMU IN THE DOG* 

Bi E GOETTSCH, JOHN D LYTTEE, W ’^I GRIM, and P DUNBAR 

(F Tom Ihc Department of Pediatnct, College of Physicians and Surgeons, 
Columbia Unncrstly, Ncid Yorf) 

(Received for publication, July 12, 1943) 

As hj poprotcmcmia developed in the dog on a low protein diet, pro- 
gitjtsne retention' of plasma a-ammo acids nas noted after the adminis- 
tration of ammo acids bj i cm or bj mouth (1) Tlie liver function of such 
an animal is impaired (2), at times there is morphological evidence of 
injurj' (2-4) Experimental studies indicated that the retention of plasma 
ammo acids was probably due to reduction in deammation When pro- 
tein Was restored to the diet of the hjpoprotememic dog, regeneration of 
serum albumin occuiTcd rapidly (4) except aftei prolonged deprotemisation 
It was inferred that iner dysfunction might similarly be leversible under 
these circumstances To test the hjpothesis data foi ammo acid loadmg 
cunes were obtained dunng regeneration of the tissues of the hjpo- 
protcinemic dog w hen protein w as replaced m the diet 

Procedure 

A young female dog of 13 8 kilos body weight was fed a low protem carrot 
diet (3) with 45 gm of casern added daily to fulfil the normal protem re- 
quirement A curve for plasma ammo acid was obtamed after the m- 
travenous mjection of casern hydrolysate,” the amount of which w as 2 cc of 
a 10 per cent solution per kilo of body weight diluted with an equal volume 
of 5 per cent glucose m isotomc sodium chlonde solution Anaij sis of the 
10 per cent solution of casern hydrolysate, as prepared for mfravenous use, 
revealed a pH of 5 6, an a-ammo acid N content of 7 39 mg per cc , and a 
total X of 13 72 mg pei cc Blood was ivithdrawn from the jugular vem 
before and after the intravenous mjection, namely, 5 mmutes, 15 mmutes, 
30 mmutes, 1 hour, and 2 hours Then the casern was removed from the 
diet and loading cui-ves w ere obtamed dunng deprotemization at mtervals 

* Aided by funds from the Emeny Gift and from the Williams Waterman Fund 
of the Research Corporation 

‘ Retention w ill be used throughout the paper to connote increased plasma values 
of amino acid N above the control level at any time interval following the injection 
of casein hydrolysate 

'An enzymatic hydrolysate of casein kindly furnished by Mead Johnson and 
Gompany 
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of 1, 4, and 9 'accks after the low protein diet was begun Casein was 
restored to the diet and similar studies were earned out on the 2nd, 7th, and 
IGth daj of regeneration Plasma amino acid N was detenmned bj^ the 
gasometnc ninhydnn method of Van Slyke, Dillon, MacFadyen, and 
Hamilton (5), blood urea by the urease method of Van Slyke (6) Other 
analytical methods and technical details have been described previously (1) 

Results 

A.S hypoproteinemia developed, progressive retention of plasma ammo 
acid was noted 1 he data (Table I) for the initial ammo acid loading curve 
fora normal dog on a complete diet revealed the charactenstic pattein ob- 
sen ed prc% iousl\ (1), a prompt rise and fall in the concentration of plasma 
amino acid N within 30 minutes, a drop below the premjection value, and 
subsequent return to the initial level at the end of 2 hours The injected 
ammo acids were all cleared fiom the plasma 30 minutes after the injection 
Vftei 1 week on the low protein diet the concentration of plasma ammo 
acid \ w IS highei than in the normal curve at all intervals except the last 
at 2 hours, and retention of plasma amino acid was further increased after 
4 and 9 weeks on the deficient diet 

With regeneration of the serum albumm and tissues after casein was 
restored to the diet retention of plasma ammo acid receded quickly 
Within 2 days marked acceleration of the disappearance of amino acids from 
the plasma was observed and the curve at this time resembled that ob- 
tained after 1 week of depiotemization in so far as the increase above the 
premjection value was concerned On the 7th day of regeneration fuither 
improvement had occuned and on the 16th day of regeneration the loading 
curve obtained closelj' lesembled the ongmal curve on the normal dog be- 
fore deprotemization 

In agreement with previous results changes in blood urea N and hema- 
tocrit during the mdnidual ammo acid loading test were shght During 
deprotemization the concentration of blood urea fell slowly and returned 
to the normal value rapidly on restoration of casein to the diet. The 
maintenance of the total red blood cell volume at the normal level during 
the first 4 weeks of deprotemization and subsequent fall have been de- 
scribed (7) Failure of the hematocrit readings to return to the normal 
level on addition of casein to the diet m the present series of observations 
probably represents insufficient allowance of time for recovery of this 
feature The dechne in concentration of serum albumm and in hematocrit 
levels after 2 days of casein refeeding undoubtedly lepresents changes due 
to increase in plasma volume rather than a loss of total circulating albumm 
(7) The fasting le\ els of plasma ammo acid N obtained during regenera- 
tion were higher than those obtamed in the normal dog 
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and finally tmce mth distilled n ater It is important that all of the m ash 
solutions be kept hot duiang the wash peiiod and agitated constant^ 
The activated Decalso should not be dried but stored under distilled watei 
A ball of cotton 2 cm high is placed m the bottom of the adsorption tube 
over the capillarj and the tube filled with distilled water The net De- 
calso is added, a portion at a time, and alloned to settle by gravity to fill 
the tube to a height of 85 to 4 inches The height of the Decalso should 
be the same in all tubes During the passage of the sample and the 
subsequent nashmgs, the Decalso mil settle somenhat The natei is 
alloned to dnp thiough by giavity, followed by 5 ml of acidified KCl 
solution (250 gm of KCl plus 10 ml of concentrated HCl per hter), then by 
50 ml of hot distilled w ater The tubes may be stored m a beaker, mth 
distilled w ater high enough to cov er the Decalso m the tubes, for a few’ hoiiis 
until the samples foi adsorption are ready Immediately before use, 5 ml 
of 2 per cent acetic acid solution are passed through the tube, follow ed bj 
5 ml of distilled w ater and then the sample Only one sample should be 
put through the adsorption tube without reactivation of the Decalso The 
Decalso can. he recovered from the tubes and aecumulated for reactivation 
if desired Not more than three reactivations of the Decalso should be 
made before the Decalso is discarded 
Preparation of Sample — The sample must contain approvimately tbe 
same amount of thiamine as the standard (0 2 y), so that the deflections 
hetw een the two will be ideall}’ comparable The wider the range the less 
accurate is the relationship between the standard and the unknown We 
use a 5 ml stock solution of standard (tr s p thiamine hydroclilonde dried 
over PsOj) contaimng 100 7 per ml or 500 7 of thiamine for subsequent 
refluxmg, diastatic incubation, and filtration The standard and unknown 
are treated identically, with the vanous dilutions made at the same point 
5 ml of standaid are made up to 200 ml , 10 ml of this dilution are made 
up to 100 ml and filtered 20 ml of this solution are passed through the 
column and washed with 45 ml of hot distilled w ater After the columns 
have been washed, the sample is eluted with 25 ml of acidified KCl solution 
5 7 of standard are now' contained in 25 ml of KCl eluate or 1 7 per 5 ml 
The concentration of the thiamme in the unknow’n should be m this range 
A sample of 1 or more gm containmg a minimum of 10 7 of thiamine 
should be used for hydrolj’sis If dned ennched bread is used, a 2 0 gm 
sample is suspended in 50 ml of 0 1 n H:S 04 and heated with occasiona 
swirlmg at the boiling temperature under a reflux on an asbestos-covere 
hot-plate for 30 mmutes after the sample has reached the boiling pom 
The flask is then removed and cooled to approxiinately 55 20 0^ 

taka-diastase solution are added and the suspension incubated at ^ 
for 2 hours The taka-diastase solution is made by dissolving 1 6^ 

of taka-diastase m 100 ml of buffer solution The buffer solution is ma 
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m liter lots by dissolving 13G gm of sodium acetate and 60 ml of glacial 
acetic acid in distilled v atcr The 20 ml of diastase solution contam 0 25 
gm of taka-diastase, it buffers the suspension to pH 4 5 to 4 7 The 
taka diastase solution should be made up dailj After incubation, the 
enzjTnatic activitj is checked by the addition of 5 ml of n H>.S04 The 
sample is now diluted With distilled water to 100 ml and filtered through 
No 1 'UTiatman filter paper A sufficient amount of the filtrate is passed 
through the prepared column so that the final 25 ml of KCl eluate contam 
approximately 5 y of thiamine, as does the standard The standard sample 
IS diluted and filtered at this point, as is the unknown 

IMien the samples have passed through the column, each column is 
washed with two 10 ml portions of hot distilled water and then 25 ml of 
hot distilled water '\^^len the last wash water has reached the top of the 
Decalso, 25 ml of acidified KCl solution aie passed through the column 
All of the KCl solution is allow'ed to dnp through and collect m a 25 ml 
glass-stoppered graduated cjlmder If the cylinder is not filled exactly 
to the 25 ml mark, it is adjusted to the mark wath a few drops of acidified 
KCl 

Preparation of Sample for Fluorometnc Reading — 5 ml of standard eluate 
containing 1 7 of thiamine are pipetted into each of two centrifuge tubes 
To one are added 3 ml of 15 per cent NaOH and 25 ml of redistilled iso- 
butyl alcohol in the order named To the other are added 3 ml of 15 per 
cent NaOH, 0 2 ml of 1 per cent potassium femeyamde solution, and 
then after 30 seconds 25 ml of redistilled isobutj 1 alcohol The two tubes 
are stoppered and shaken for 90 seconds and centnfuged bneHy 20 ml 
of the alcohol layer of each tube are pipetted into dry centrifuge tubes 
containmg 1 to 1 5 gm of anhydrous sodium sulfate, shaken, and centn- 
fuged bnefly The dned alcohol solutions are poured into the fluorophoto- 
metne cuvettes and are read} to be read The unknown sample is treated 
in the same manner and at the same time intervals checked by the stop- 
watch 

Slandardizalion of Fbiorophoiometer and Sample Readings — Vfe use a 
secondary standard of quinme sulfate (0 27 7 per ml made up m 0 1 x 
H2S04) solution which we set by means of the ins diaphragm to give an F 
reading of 60 Then without changing the ins, we adjust the resistance 
switch to give a T reading of 90 This qumme standard is used before each 
assa} readmg m order to detemune whether the light source has remained 
constant If it has changed, the F readmg is readjusted by means of the 
ins back to 60 and the T readmg to 90 by means of the resistance switch 
At the concentration of the above quinme sulfate and settmgs for F and T, 

1 7 of thianune hydrochlonde will give an F reading of 30 to 40 deflections, 
dependmg upon hght mtensity and other factors 

With the fluorophotometer standardized as described, the quinine sulfate 
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IS removed and the oxidized sample is read Both F and T readings ire 
made The transmission reading is then diiided into the fluorescent read- 
ing to give the corrected fluorescent reading on the basis of 100 This gi\ es 
a standard transmission reference point that corrects the difference in color 
developed m the extract The difference between the corrected oxidized F 
readmg and the corrected unoxidized F reading represents the thiochiome 
produced and this difference gives deflections per microgram of thiamine 
h 3 'drochlonde, since 1 7 was measured 


Example — 


Standard unoxidized 

F = 5 5 

5 5 

<1 (( 

r = 90 0 

90 

“ oxidized 

F = 36 0 

36 

If (1 

r = 91 5 

91 5 


Hence 39 34 — 6 11 = 33 23 deflections per nncrogram 


6 11 
39 34 


Notes — The isobutyl alcohol is recovered by distdhng m a glass still 
eqmpped with a centngrade thermometer Onlj' that portion of alcohol 
that distils above 103° is collected 

Corks may be used m place of glass stoppers, provided thev are covered 
with alummum foil 

A water bath is preferable for enzymatic incubation when the tempera- 
ture is accurately controlled 

In Table I data are given on different products as determined bj’- us, the 
avmiage value of vanous collaborators on the same products, and the bio- 
assay values by the rat growth method Each of the bioassai values was 
determined at three levels and the final value checked 

Behavior of Enriched Tablets — Ennched tablets from three different 
companies w^ere obtamed and the thiamine content determined bj the rat 
growth method and fluorometncallj' Each tablet showed the potency 
claimed for it by the manufacturer on bioassay but the lesults obtained 
varied appreciably from each othei by the chemical procedure and were 
low er than bioassay values This difference in behavior is attnbuted to the 
difference m tablet manufacture, since it is assumed the different coni- 
pames use different fillers and bmders m their tablet manufacture In 
Table II it wtU be observed that one of the tablets gives 12 per cent more 
thianune w hen the extraction is made with KCI solution (Tablet 3, b) than 
when made by our regular method (Tablet 3, a) This vv ould indicate that 
incomplete extraction is encountered in this particular tablet and to an 
extent greater than in Tablets 1 and 2, in which no such difference was 
found 

When, instead of pipetting an aliquot, all of the extract of Tablet , a 
was filtered and the residue thoroughlj washed, we obtained a recoveiy 0 
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90 6 per cent of the bioassa}’- ^ alue This fui ther supports the conclusion 
that insoluble material left in the hj drolj'zed sample may occlude some of 
the thiamine and prc\ ent n homogeneous solution from bemg obtained m 
the extraction This docs not explain, how ex or, the approximately 10 per 
cent higher results that the bioassay method shows ox^er the fluorometnc 


Table I 


Thwmtnc Detcrminahons 


Material 

Bioassay 

value 

Our results 

Collaborators results 


y per cn 

ypir tm 

per cent 
bioassay 

y per [m 

IBi 

Fortified flour 

7 

0 

6 

26 

Msg 

3 

5 

37 

76 

7 

Ennehed, phosphated flour 

5 

3 

4 

77 

89 

4 

4 

03 

80 

6 

Wheat germ 

32 


28 

30 

90 

0 

26 

50 

83 

7 

Ennehed bread 

3 

2 

2 

55 

SO 

0 

2 

59 

80 

9 

<f 

4 

4 

3 

98 

90 

3 

3 

30 

76 

9 

tt 

4 

55 

4 

30 

94 

5 

3 

46 

76 

2 


4 

45 

3 

85 

86 

5 

3 

52 

79 

1 

<< ti 

S 

47 

5 

11 

93 

4 

4 

71 

86 

1 

“ flour 

4 

76 

4 

59 

96 

3 

3 

89 

81 

7 

Dned jeast 

17 

90 

15 

20 

85 

0 

12 

80 

71 

5 

Average % of bioassaj 

89 6 


79 3 


’ The bioassay xaluca XX ere determined by H M Baum and F M Younger of the 
Biological Laboratories of Anheuser-Busch, Inc The authors xvish to acLnoxx ledge 
their valuable assistance 


Table II 

Results of Bioassay and Thiochrome Methods on Enriched Tablets 


Tablet No (bioassay 
value I'O mg) 

Fluoronieter readiog 

Per cent of bioassay value 

1 

mg 

131 06 

87 3 

2 

133 20 

88 8 

3| a 1 

119 50 

79 6 

3, b 

136 90 

91 3 


method Since this percentage vanes xvith different products, it is assumed 
that some detenoration of the thiamme has taken place that does not pre- 
vent utihzation by the rat but that is not measured by the chemical method 
Thiamine Values of Dough and Bread by Bioassay and Fluorometnc De- 
iorminations — ^Txvo doughs were prepared of which one contamed onl 3 
regular ingredients, xvhile the other was ennehed Bioassay was earned 
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out on the doughs and the bread and the results compared mth those oh 
tamed by chemical determination In the chemical determmation, the 
entire sample hydrolyzed n as thoroughly u ashed and the residue tested to 
make sure that no thiamine was occluded by the residue These data are 
given in Table III 

When aliquots of these sample solutions weie pipetted off and analyzed, 
the values obtained were Ion er, bemg as low as 80 per cent of the bioassay 
values in some instances It is mteresting to note that the baking loss of 
thiamine between the ingredients and the bread nas the same whether 
calculated from the bioassay results or from the fluorometric values, and 
that the percentage of thiamine loss in the regular bread nas appreciablj' 
higher (20 5 per cent) than in the enriched bread (15 5 per cent) A similar 
result in the loss of thiamine in toasting regular and enriched bread was 
reported by Don ns and Meckel (2) who used the fermentation method for 
then assays, they stated, “The apparent percentage loss of thiamin m the 

Table III 


Results of Btoassay and Fluorometric Determinations on Dough and Bread 



Btoassay method 

1 

Fluorometnc 

method 

Per cent of 
bioassay v'afue 


7 



Regular ingrcdientB 

368 

1 334 

90 8 

“ bread 

291 

[ 264 

90 9 

Enriched ingredients ! 

: 1718 

1562 

90 5 

" bread 

14-16 

1314 

90 2 


toast made from uneniiched nhite bread is higher than thiamiii losses from 
either the ennched nliite biead or the 100% whole wheat bre>.d ’’ 

DISCUSSION 

In the pieparation of the sample ne find that the acid hydrolysis de 
scribed is sufficient and better suited for the subsequent enzymatic treatment 
than IS the more drastic hydrolysis undei pressure, as recommended bj some 
operators This step is not as important as the enzymatic digestion which 
ne carrj^ out with taka-diastase at 52-55°, a temperature higher than is 
leconmiended in othei procedures Oui expenments show that in most 
cases complete hjdiolvsis and destiuction of the cozymase is accomplishe 
mth taka-diastase m a penod of 2 hours at this temperature and further 
treatment overnight does not increase the thiamine content A sample o 
bread when digested foi 2 hours and overnight gave 3 22 and 3 27 7 ps'’ 
gm respectively . 

Taka diastase has pioved moie suitable foi the enzymatic digestion mn 



nnOWN, HAMM, AND HAURISON 


159 


either clnrose or pohdasc We hi\c been unable to obtain the higher 
results by the use of poh dasc than b3' taka-diastase reported by Clausen 
and Brown (3) In fact, our results were more erratic when pob’^dase was 
used than with taka diastase Our analj'ses show that the polydase sam- 
ples we obtained were not uniform and contained appreciable amounts of 
thiamine that increased the sample \alues from that source instead of by 
the liberation of bound thiamine 

The jireparation and activation of Decalso has proved a difficult task 
Some preparations of Decalso we have obtained could not be activated 
siifficientlv to adsorb all of the thiamine from the extract Other samples 
had a tendency to oxidize the thiamine to an appreciable extent in passing 
through the column, introducing an error in the extraction Drjang the 
actuated Decalso proxed to be detnmental to its adsorption properties, 
also the dned Decalso gradually lost its effectiveness m adsorption on 
standing Within a period of 30 daj's, one batch of dned, activated De- 
calso w ould gi\ e onlj' 50 per cent of the thiamine value ongmallj’' obtained 
on the same sample used daily as a check Reactivation of the Decalso and 
bioassaj'- showed that the detenoration was m the Decalso and not in the 
sample Storage under distilled water has proved most satisfactory after 
the Decalso has been activated Decalso contammg a large percentage of 
iron has been found to be poorer m adsorption properties than purer prod- 
ucts The iron from this matenal can be removed by treatment with HCl, 
but this treatment m some instances did not produce a good quality of 
Decalso, while m others it did 

The calculation of the fluorometric readings to a standard transmission 
reference point elumnates a source of error due to color developed m the 
extracts as compared to the less colored standard This calculation is 
based on the assumption that any color that affects the mtensity of the 
transmission rays likewise affects the fluorescent readings The corrected 
readmgs, m the case of colored solutions, agree more nearly with the bio- 
ussay results than the uncorrected readings, and hence hax^e been adopted 
as standard in our laboratories 

The presence of fluorescent material m some samples of anhydrous sodium 
sulfate has been observed Smce sodium sulfate is used to remove the 
water from the isobutjd alcohol solutions, an excess onlj is required and the 
amount used is not accurately weighed If it contains fluorescent ma- 
terials, erratic results will be produced In the samples of sodium sulfate 
in which fluorescent matenal was found, the fluorescence was destroyed by 
beatmg m the muffle furnace at ashmg temperature 

We do not find that the method is sufficiently flexible to permit the time 
intervals recommended by the Umted States Pharmacopoeia Vitamm 
Committee (4) for thiamme determmation Only by use of a stop-watch 
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and definite time intervals of the magnitude described m our procedure are 
Me able to obtain maximum results When the tune mtervais recom- 
mended by the Vitamm Committee are used, the results obtained on ali- 
quots of the same sample are only 70 to 80 per cent of the maximum values 
obtained by the method under optimum conditions 
With compulsory cnnchment of food matenals, the accurate determina 
tion of thiamine m a numbei of products has become of commercial impor 
tance to the producers of food products If the available methods for thia- 
mme determination show as a maximum only 80 to 90 per cent of the 
thianune value of these materials, the question arises as to how this should 
be interpreted at the present time The amounts of thiamine required are 
based on bioassays, unsuitable for commercial control, but give values from 
10 to 20 per cent higher than the chemical methods that are suitable for 
commercial control The value of 10 to 20 per cent of the thiamine used 
for this purpose amounts to niilhons of dollars annually, an amount suffi 
ciently large to attract the attention of users of this matenal for fortification 
purposes 


SUMMARY 

A study of the thiochrome method foi the determmation of thiamine has 
been made, thiamine values determined by this method are only 80 to 90 
per cent of the bioassay values 

Insoluble material produced in the hydrolysis of the sample may occlude 
thiamine to such an extent as to become a chief source of error when ahquots 
of the hydrolyzed samples are used Thorough washing of the residues to 
remove occluded thiamme before ahquots are taken gives higher results 
for thiamine but the time and work required for this step are objectionable 
factors 

The basic method of Hennessy and Cerecedo is used and mmor modifi- 
cations are made that tend to bring the results more m hne with bioassay 
values These modifications mclude defimte optimum time intervals for 
different steps in the process and a higher temperature (52-55°) for the 
enzynnatic hydrolysis mth taka-diastase Clarase and polydase prepara 
tions Mere not as suitable as taka-diastase for the enzymatic hydrolysis 
under the conditions employed (as taka-diastase) 

The piepaiation of the Decalso is an important part of the process an 
requiies careful attention to mamtara satisfactory activated Decalso or 
maximum adsorption and elution Drying the activated Decalso vas 
found objectionable and the activity of dried Decalso unstable 

The calculation of the readings to a standard transmission re erence 
pomt corrects the difference in readmgs due to differences in color ® 
the extracts of sample and standard This calculation of readings giv 
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values that arc closer to the bionssaj results The sample extracts contain 
more color than the standard and this coloi affects the reading of the 
thiochrome to a greater extent m the sample than in tlie standard 
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THE INFLUENCE OF SUGARS ON THE FORMATION OF 
SULFHYDRYL GROUPS IN HEAT DENATURATION 
AND HEAT COAGULATION OF EGG ALBUMIN 
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{From the Kcd*ic Chcmtcol Laboratory^ Michigan State College of Agriculture and 
Applied Science, Cast Lansing) 

(Rccci\cd for publicnlion, Vuguat 14, 1*143) 

Beihnsson (1) m 1929 showed that sucrose and glycerol inhibited the heat 
coagulation of egg albumin Bancroft and Rutzler (2) claimed that the 
sugar peptized the coagulated protein Harris (3) b}* the use of the nitro- 
prusside reaction showed that sulfliydrjd groups were not present m raw 
egg w lute but their presence could be demonstrated after heat coagulation 
Various workers (4—7) have reported the formation of compounds between 
sugars and amino acids, simple peptides, and, in some cases, between sugars 
and proteins Schubert (8) prepared crj stalhne compounds of a number of 
sugars with cjsteine, compounds in which the niti oprusside test was nega- 
tive Von Przjlecki and Cichocka (9) formed compounds which they 

called “symple\es” wath maltose and seveial pi oteins The symple\es, 

formed at pH values between 7 and 10, were believed to involve the lysine 
residues of the pioteins No such compound was formed with sucrose 

In the present work, the protective action of sugais toward coagulation 
w'as thought to be due to the influence on the sulfhydrjd groups in the 
denaturation phase of the process To obtain evidence on this point, egg 
albumin solutions w ere heated in the presence and m the absence of sugars, 
and the sulfhydryl content of the egg albumin was determined by two 
different methods The inhibition of heat coagulation eaerted by sugars 
has also been shown bj detei mining the amount of uncoagulated nitrogen 
when samples of egg albumin were heated m the presence and absence o 
sugars 

To indicate whether “symplexes,” similai to those described by von 
Przylecki and Cichocka, were invohed in this protective action, samp es o 
egg albumin were allowed to stand at 5° foi 96 horn's at pH 8 6 an ^ ^ 

pH 4 8 After adjustment to the same pH, the amount of uncoagulated 
nitrogen w as detei mined m each case V coagulated s 3 Tnple\, prepare 

siimlarh to that desciibed bj the abo\e workers, has also been prepare 
and the amount of reducing substances piesent m this ‘ s\mple\ compare 
with that present in ordinarj heat-coagulated egg albumin 

bXPERIMBNTAl. 

Ihe expeiimental work was divided into three parts (1) 
of sugars and mannitol on the liberation of sulfhydryl groups , ( ) e u 
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ence of bugai-s on the heat coagulation of egg albumin, (3) an attempt to 
show piotein-carbohydiate combination 

Egg albuimn w as prepared by the method of Kekinck and Cannan (10) 
Dialysis of the sodium sulfate was earned out under reduced pressure 
The nitiogen content of the egg albumin solution was determined by a 
micio-Kjeldahl method (11) 

Two methods were used to detennme the sulfhydryl gioups, neither of 
which involved the probability of denaturation of the protein pnor to the 
deteimination The first of these methods involved the use of lodoacetic 
acid as desenbedbj Rosner (12), the second utilized the phenolmdo-2,6 
dichloiophenol titration as desenbed by Todnek and Walker (13) 

Foi the lodoacetic acid method, standaid solutions of recrystallized 
cj'steme hydrochlonde containing the equi\ alent of 0 07 to 0 35 mg of 
cj steine per ml w ere piepared To 1 5 ml portions of these solutions were 
added 4 5 ml of distilled w atei The mixture w as heated at 70° for 15 
minutes and then allow ed to cool 2 ml of a phosphate buffer, pH 7 4, 
and 2 ml of 0 1 N lodoacetic acid, pieviously neutralized to pH 7 4, were 
added, and the mixtiiie w-as allowed to stand for 30 minutes At the end of 
that time, 0 25 ml of a solution of 10 pei cent tnchloroacetic acid by weight 
and 0 25 ml of i solution of 10 pei cent sulfunc acid by weight were added 
and allowed to stand foi 5 minutes and the solution was then filtered To 
the filtiate was added 0 25 ml of 3 pei cent hydrogen peroxide by weight 
and the mixtuie was made up to 10 ml wnth distilled water After it had 
stood for 35 minutes, the color dei eloped w as determmed by use of a pho 
telemeter with a blue filter having a maximum absorption range of 4500 to 
5000 L The standaidization repeated with solutions of d-glucose m place 
of distilled water gave identical results with those obtained without glucose 
The egg albumin solution was adjusted to pH 4 8 with 0 1 n hydrochloric 
acid 1 5 ml aliquots, contaimng 40 62 mg of egg albumin per ml , were 
pipetted into test-tubes, and 4 5 ml of the sugar solution or distilled w'ater 
added These mixtures w ere then treated in exactly the same manner as 
desenbed m the standardization procedure The mg of cysteine were rend 
from the standardization curve The results ivith d-glucose, d-fructose, 
d-mannose, Z-arabinose, d-xylose, and the hexatomic alcohol d-mannitol arc 
given m Table I Manmtol was added to this group of sugars to compare 
the effect of the absence of a carbon 3 1 group Each figure given in Table 
represents the average of from seven to ten detemunations Results in t e 
table have been corrected for blanks on the reagents The addition o 
unheated egg albumin to these blanks did not m any case change their va ue 

For the titration method with phenohndo-2,6 dichlorophenol, cj's cine 

Indiuchlondc wa'- also used foi st mdaidizatioii \ w cighed amount o ic 
reel I stalhzed cisteme h\ di ochloi ide was fust iicutiahzed in an atmosp 
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of lulrogcn, dissoh cd in 2 ml of a phosphate buffer, pH 4 8 , and made up to 
10 ml Mith frcshlj boiled distilled watci The solution i\as then titrated 
m an atmosphere of nitrogen mth a 0 1 per cent solution of phenolmdo- 
2,C-dichlorophcnol 0 1 mg of cysteine was found to be equivalent to 3 
ml of the phenolindo-2,6 dichlorophenol 1 5 ml aliquots of an egg 
albumin solution, containing 40 62 mg of egg albumin per m! , were then 
pipetted into test-tubes To each of these were added 4 5 ml of distilled 
water, or sugar solution, 2 ml of buffer, pH 4 8, and 2 ml of distilled water 

Table I 


Influence of Inhibiting Substances on Apparent Cysteine Content of 
Heat-Dcnalurcd Egg llbutntn 


lohiblUns substance 

ConccntralioQ 

Cjsteinc in 60 93 mg egg albumin 

lodoaceUc acid method 

. . . 

Phcnolmdo-2 O-dichloropheno! 
method 


M 


ptr ttnt 

mr 

per ant 

Water 


0 350 

0 689 

MEM 


d-Glucosc 

0 045 

0 342 

0 562 




0 225 

0 289 

0 475 




0 450 

0 220 

0 361 

0 215 


d-Fructoae 

0 045 

0 347 

0 570 

0 314 



0 225 

0 296 

0 486 

0 298 



0 450 

0 251 

0 412 

0 260 


d-Mannosc 

0 046 

0 353 

0 680 

0 336 



0 225 

0 310 

0 510 

0 302 



0 450 

0 258 

0 423 

0 250 


t-Arabinose 

0 045 

0 354 

0 581 




0 225 

0 301 

0 494 




0 450 

0 250 

0 410 



d-Xytose 

0 045 

0 359 

0 589 




0 225 

0 309 

0 507 




0 450 

0 265 

0 436 



d-Mannitol 

0 045 

0 363 

0 600 




0 225 

0 355 

0 583 




0 460 

0 293 

0 481 




Varymg amounts of phenoImdo-2,6-dichlorophenol were then added and 
the tubes heated at 70“ for 15 minutes The tubes that w ere decolorized 
within that time weie noted, and a further series of tubes made up, contam- 
ing quantities of reagent distributed over a narrowrer range The accuracy 
in this work appeared to be about 0 5 ml of the phenolindo-2,6 dichloro- 
phenol, although the ongmators of the method claimed to be able to dis- 
tinguish differences to 0 OJ ml The results with this method are presented 
m Table I 

The influence of sugars and d-manmtol on the mhibition to heat coagiila- 
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tion was studied m the folloisTng manner 1 5 ml of an egg albumin 
solution containing 40 62 mg of egg albumin per ml m ere pipetted into 
test-tubes and 4 ml of a phosphate buffer, pH 4 8, and 4 5 ml of nater, or 
of a solution contaimng the inbibitmg agent, i\ere added The solutions 
were then heated at 70° for 15 minutes, filtered, and the nitrogen in a 2 cc 
aliquot of the filtrate determmed The results with vanous sugars and 
manmtol are given m Table II Each value given represents the ai erage 
of at least quadruphcate coagulations and subsequent mtrogen determma- 
tions In two additional senes of evpenments, sufficient d-glucose or 
d-fructose v as added to saturate the solution of the egg albumin completeh 

T^ble II 

Influence of Inhibiting Substances on Heat Coagulation of Egg Albumin 
The values given are increases in percentages, over controls, of non-coagulable 
nitrogen in the filtrate after removal of the coagulated protein 


Substance 

Concentration ol inbibiljng substance 

0 04S M : 

0225m 

0 450U 

Saturated solution 

d-Gluoose 

3 2 

12 7 

21 2 

80 8* 

d-Pructose 

2 1 

8 6 

12 3 

84 It 

d-Mannose 

2 2 

1 6 7 

11 2 


1-Arabinose 

1 7 7 

1 20 3 

32 6 


d-Xylose i 

1 2 2 

1 13 7 

28 4 


Sucrose 

1 2 4 

1 8 9 

12 7 1 

j 

d-Mannitol 

1 

1 

1 1 

! i 

1 

1 

16 0{ 


* About 4 6 SI in respect to glucose 
t About 5 0 M in respect to fructose 
t About 0 8 SI in respect to d-mannitol 


After the penod of heatmg as desenbed above, the solutions Mere dialyzed 
until no reduemg sugar could be detected m the diffusate vith Benedict’s 
reagent ’RTien the egg albumm so dialyzed was adjusted to pH 4 8, no 
coagulation occurred 

The first attempt to determine vhether “sjmplexes,” of a tj'pe sunilar 
to those desenbed bj \ on Przjdecki and Cichocka, might be responsible for 
the inhibitmg influence vas made by comparing the amount of coagulation 
of the egg albumin first treated svith sugar at pH 4 8, and subsequently 
heat-coagulated at that pH, with that first treated inth sugar at a pH of 
8 6, and subsequently heat-coagulated at a pH of 4 8 The sugars were 
added to the egg albumm at the pH indicated and the samples vere coagu- 
lated at once or else allov ed to stand foi 96 hours at a temperature of about 
5° At the end of that penod, these samples vere also coagulated and the 
mtrogen detenmned m ahquot portions of each of the filtrates Resu ts 
are presented m Table HI 
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The second attempt to sliow "symplex” formation consisted of the 
coagulation of 6 ml portions of a solution contaimng 60 5 mg of egg albu- 
min per ml in the presence and in the absence of d-glucose The coagulum 
in each case, after being washed, was partially hydrolyzed by being heated 
for 8 hours wnth 2 per cent hydrochloric acid m an oil bath at 120° and the 
hjdroljsate was analjzcd for reducing substances Any unhydrolyzed 
protein was removed with lend acetate, the excess lead removed with potas- 
sium oxalate, and the reducing substances determined by the modified 
Benedict method for blood sugar (14) A photelometer wath a green filter 
of maximum absorption range of 5200 to 5800 A was used for comparison 
of the amounts of color developed The standardization curve was made 
with d-glucose solutions contaimng 0 05 to 0 5 mg per ml The average of 
twehe detcmunations of the reduemg substances, calculated as d-glucose 
in the partially hydrolyzed egg albumm, was 1 26 mg with an average 

Table III 


Influence of Time of Contact, and pH, of Sugars on Coagulation of Egg Albumin 
The values given arc for the percentage of nitrogen in the filtrate after coagulation 
based on the total nitrogen in the filtrate before filtration 


Sutar 0 3 u 

Coagulated at 0 QC( 

t Coagulated after 96 hrs at 5* 

pH 3 8 

pH8 6 

pH4 8 

pH 8 6 

d-Glucose 

d-Fructoae 

mm 

63 32 

46 98 

11 83 

10 76 

58 59 

46 83 


deviation from the mean of ±0 056, while the corresponding figure for the 
partially hydrolyzed egg albumin, coagulated m the presence of glucose, was 
1 30 mg wath an average deviation from the mean of ±0 072 

DISCUSSION 

The inhibition of sulfhydryl formation, as determmed by two different 
methods, depends to some extent on the nature of the sugar used The 
alcohol c?-manmtol is less effective than the simple sugars The amount of 
cysteine, as calculated from the sulfhydryl content, by the lodoacetic acid 
method, was 0 589 per cent, that by the phenolmdo-2,6-dichlorophenol 
was 0 563 per cent These values compare favorably wath 0 56 to 0 61 per 
cent reported by Mirsky and Anson (15), 0 55 per cent reported by Rosner, 
0 58 per cent reported by Kuhn and Desnuelle (16), 0 50 per cent reported 
by Greenstein (17), and that of 0 63 per cent given by Todnek and Walker 
(13) Based on the value 0 59 per cent, the percentage protection given 
by each of the different substances m Table I when used in 0 225 m concen- 
tration would be 17 per cent foi d-glucose, 16 per cent for d-fructose, 14 per 
cent for d-mannose, 16 per cent for f-arabmose, 14 per cent for d-xylose, and 
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1 per cent for d-mannitol These values are in most cases somewhat higher 
than the values given m Table II for the influence of the same substances on 
heat coagulation The chief inference would be that some factor m addition 
to the effect on the sulfhjdryl group is mvolved in the subsequent coagula- 
tion Sbrensen and Sbrensen (18) a number of years ago showed that 
denaturation did not produce an mcrease m soluble mtrogen, but subsequent 
heating with water caused an mcrease m ammoma N and total soluble N 

That the inhibition is due to an influence on the native protem, and not 
to a peptization of the coagulated protem, is indicated both by (1) the 
influence on the sulfhydryl groups, and (2) the stabihzation of egg albuimn 
when saturated mth d-glucose or d-fructose In the latter cases, no coagu- 
lation occurred when practically all of the sugar w as removed by dialysis, 
and when the pH of the solution was adjusted to the isoelectnc point of the 
egg albumin If the egg albumin had been previously denatured, coagula- 
tion should have occurred (19) 

The failure to show more inhibiting influence at higher pH does not 
indicate the formation of “symplexes” as descnbed by von Przylecki and 
Cichocka, neither does the observation that, coagulated m the presence of 
glucose, egg albumin has practically the same content of readily hydrolyz- 
able reducing substances as of that coagulated in the absence of glucose 
These "symplexes,” as pointed out by von Przylecki and Cichocka, would 
be very labile at a pH comparable to that occurnng m a cell 

Work to be reported latei will demonstrate that sugars decrease the 
mobihty of egg albumin Prehmmary work in connection with the Central 
Brucella Station, Michigan State College (20), has shown that bovine 
plasma saturated with glucose shows, after heating, a normal electrophoretic 
pattern 

SUMMABT 

d-Glucose, d-fructose, d-mannose, f-arabmose, d-xylose, and d-mannitol 
inhibited the formation of sulfhydryl groups when egg albumin was heat- 
denatured under specified conditions These same substances, as well as 
suciose, increased the amount of non-coagulable mtrogen when egg albumin 
was heat-coagulated under similar conditions The inhibiting uifluence 
tow ard heat coagulation does not increase wuth the increase of tune of con- 
tact of the agent mth the egg albumin, even at a high pH Egg albumin 
coagulated in the presence of glucose does not contain sigmficantly more 
readily hydrolyzable reducmg substances than does egg albumin coagulated 
in the absence of glucose 
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THE rf-UIIXO VOID OXIDASE, URTC\SE, VXD CHOLIXE OXI- 
DVSE IX XORMVE R-VT IIVER VXD IX XUCLEI OF 
XORMAL ILVT LIVER CELLS 

Ur Tins no I AN 

(Fror Ihr Ocpartr-crt of /JiocFoniifru anti Pharr'acology, School of ilcdtcine and 
Dcntfirv The Lnircrstty of Rochcslcr Rochester, ht etc i ork) 

(Rccci\cd for publication August 30 1043) 

Although ninrit cnztino sa stems in nmmal liter hate been recenth m- 
tcstigatcd b\ dilTercnt ttorkcr-, rcKtiteh little work has been done on the 
enrnno s\-btems in isolated nuclei Bocll, Chambers, Glanct , and Stem 
(1) hate demonst rater! the ottochromc o\idasc acti\it\ of nuclei prepared 
from egg cclL of Irhncia punctulala b\ the method of Hartev (2) and 
Hart ct (3) Behrens and his associates (4) succeeded m preparing nuclei 
from hepatic cells and were able to demonstrate the existence of argmase 
and a tert email amount of hjiase in their preparations Recentlj Bounce 
(5) used a new method to prepare nuclei of rat liter in such a waj that the 
enzt mes and proteins arc probablt not damaged, and set eral enzj-mes w ere 
reported to lie present in these nuclei In tins paper three more enzjTnes 
hate liecn studied in nuclei of rat liter cells, prepared bt the method of 
Dounce (5), and the concentntionh of these enzt mes in isolated nuclei hat e 
been compared wnth the corre^pondlng concentrations in w hole lit er tissue 
The enzt mes in question arc c/-amino acid oxidase, uncase, and choline 
o'tidase 


EXPEHIMENTtL 

In this w ork, both Osbome-Mendel and AA istar rats were used, and all 
the rats were maintained on a fox chow diet fed ad hhilum 

In order to compare the enzt me st stems m nuclei wath those m the whole 
tissue, the enzjTne st stems were studied both in whole liter tissue and m 
isolated nuclei of the ht er cells 

Pfeparalion of Suspcn'tions of H hole Tissue — The animals were killed bt 
decapitation and the blood w as dnuned from them as completelj as possible 
The blood remaining on the lit ers was washed off wath saline and the hvers 
were cut into small pieces Tlie small pieces w ere ground with 0 9 per cent 
saline in a glass homogemzer into a homogeneous, cell-free suspension 
The suspension w as passed through cheese-cloth to remot e fiber The 
tune from killing the animals to starting the detenmnation of oxt gen con- 
''umption was limited to 30 minutes For determmations of drj weight. 
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1 cc of the suspension was dned m a neighed crucible to constant weight 
at 105° in an electnc oven 

Preparation of Isolated Cell Nvciet from Rat Livers— The nuclei of rat 
hver cells were prepared by Dounce’s method (5) at pH 6 0 to 6 2 
Preparation of Coenzyme of d-Amino Acid Oxidase— The coenzjone of 
d-ammo acid oxidase was prepared from bakers' yeast accordmg to the 
method of Warburg and Christian (6) 

Determination of d-Amino Aad Oxidase Apoenzyme— The d-amino acid 
oxidase apoenzjune was detenmned by use of a Waiburg apparatus The 
procedure of Iflein (7) was folloned except that air n as used instead of pure 
oxj'gen The total volume of the solutions in the x^essels nas 2 cc in all 
experiments The oxj'gen uptake was recorded at 10 or 15 nunute inten als 
during a penod of 1 hour dZ-Alanme was used ns substrate for all the 
detenmnations, smee the oxidation of Z-alamne under the conditions of 
experiment has been shown bj ICrebs (8) to be negligible The controls 
mthout the ammo acid w ere carried out under the same conditions at the 
same tune The substrate and coenzj'me, if an} was added, were both 
dissohed m pjrophosphate buffer at pH 8 3 
Addition of coenz}'me did not increase the activity of preparations of 
whole hver, but pieparations of isolated nuclei were found to be deficient 
in coenz}Tue Therefore m all expenments wath rsolated nuclei, the aboie 
preparation of coenz}me fiom linkers’ yeast was added in sufficient amount 
to assure maximum enz}'me acti\ ity 
Determination of f ncase — This enz}ane was determined by the method 
of Daiidson (9) as modified by Ehehjem and his associates (10) The 
detenmnations were earned out at 37°, and the oxygen uptake was mens 
ured at 10 or 15 minute mteiwals foi 1 hour The results are expressed as 
the oxygen uptake per houi per mg of dried tissue 
The mhibition of uncase bv KCN has been used to confirm the presence 
of the enzyme 

Since the metal zme, thought by some to be necessary for uncase action 
(10), might be removed dunng the process of prepanng nuclei, zinc ions 
were added to the suspension of nuclei m concentrations employed ' 
Wachtel, Ho\e, Elvehjem, and Hart (10), but no actuating effect was 
found , 

Determination of Choline Oxidase — The cholme oxidase m whole hver an 
isolated In er nuclei was determined by use of a Warburg apparatus, ac 
cording to the method of Mann and Quastel (11) The ox}gen up c 
caused bj the oxidation of 1 mg of cholme hydrochlondc by brei o 
rat In ci or bx isolated In er nuclei w as measured at 10 or 15 minute in cn a 
for a penod of 1 houi 

Number of Determinations Carried Out for Each Aierage 1 alue of ^ 
Actmiy Reported in This Paper— >1. total of fix c or six animaLs was us 
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each expenment, ^\lnch vns performed in duplicate or tnpheate Any 
results which were not in agreement mthin 3 per cent were discarded The 
nuclei of h\ cr and tumor cells w ere prepared from 100 gm of liver or tumor 
Three to four expenments were done in each case 


Results 


d- Iniino Acid Oxidfi'c in 11 hole Liver Tissue and in Isolated Nuclei of 
Alter Cells — The aacrage increase in oxjgcn uptake in hvers of normal 
Osbome-hicndcl rats, caused hj the oxidation of rff-alanine, is 2 32 c mm 
per hour per mg of dried tissue, and that in Wistar rats is 2 20 c ram The 
nuclei isolated from liier cells of normal Osbornc-Mendel rats contained 
d-amino acid oxidase, as showm by the owgen uptake of the nuclei m the 
presence of df-alanine Tlie ox'jgcn uptake caused b}' the oxidation of 
dl alanine in lixcr nuclei of normal Osboine-Mcndel rats is 1 67 c mm per 
hour per mg of dned tissue, which is 78 per cent of the total oxidation of 
rff-alaninc in whole Incr tissue, and that of the nuclei isolated from Wistar 
rats IS 1 10 c mm , w Inch is 50 per cent of the total oxidation of dZ-alanme 
in the whole h\ er tissue 

The oxjgen uptake caused by the oxidation of c/l-alanme m isolated 
nuclei of h\er cells of normal Osbome-hlendel rats was raised from 1 67 to 
4 05 c mm per hour per mg of dned tissue bj the addition of sufiScient 
tooiizjTiio preparation to insure maximum enzjme activity, while that of 
the w hole In cr tussue w as raised only to an insignificant degree (from 2 32 
to 2 48 c mm ) Similar results w ere also observed with nuclei of hver cells 
of normal istar rats 

The aboxe results indicate that the apoeiizynie of d-ammo acid oxidase 
IS shghth higher in activity m isolated nuclei than m w hole hver suspen- 
sions, w bile the coenzyme is considerably deficient in the nuclei 

hnease tn Whole Liver Tissue and in Isolated Nuclei of Liver Cells— The 
oxj gen uptake caused by the oxidation of unc acid m liver tissue m norma 
Osbome-Mendel rats is 2 85 c mm per hour per mg of dned tissue, while 


that in Wistar rats is 3 03 c mm 

The uncase activity in the liver nuclei of normal Osborne-Mendel rats 
IS 4 IG c mm per hour per mg of dned tissue, w'hile that of the nuclei iso- 
lated from liver cells of normal Wistar rats is 3 94 c nun us t 
for uncase activity per dry weight of isolated nuclei is higher t an t a o 
the whole hver tissue It is about 46 per cent lugher m hver nucei o 
Osbome-Mendel rats and about 30 per cent higher m Wistar rate 

Choline Oxidase in Whole Liver Tissue and in Isolated Nuclei of Uver Cells 
— ^The oxj'gen uptake caused by the oxidation of chohne y oc on e 
the hver tissue of normal Osborne-Mendel rate is 2 42 c mm per our p 


mg of dned tissue, and that of Wistar rate is 1 89 c mm j i a 

In the nuclei isolated from hver cells of rate of both Osbome-Mendel and 
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Wistar strains no significant activity of choline oxidase could be detected 
This might be due to waslung out of a coenzyme dunng the process of 
isolating the nuclei Hou ever, the addition of the boiled aqueous extracts 
of vhole liver did not promote the oxidation of chohne in nuclei, so that it 
seems more probable that the enzyme itself is lackmg m the nuclei 

DISCUSSION 

From the results of recent i\ork (1-5) it now seems clear that a number 
of enzymes are present in cell nuclei In this paper we have shown that 
both d-ammo acid oxidase and uncase aie present m isolated nuclei from 
liver cells of normal rats The concentration of the apoenzj'me of d-amino 
acid oxidase in whole rat livei and m nuclei isolated fiom the liver cells is 
probabh almost the same, although the nuclei appear to have a lower 
coenzyme concentration This might be an indication that dunng the 
preparation of nuclei some of the coenzyme has been lemoved, but it is also 
possible that the cell nuclei normally are low m coenzjmie, since this co 
enzj'me is rathei firmly bound to protein, at least in kidney preparations, 
and therefore should not be easily washed out at the pH range employed 
m preparing the nuclei 

We cannot explain, for the time being, w'hy the isolated nuclei of liver 

Is of noimal rats show a higher activity of uncase per dry weight than 

ole liver tissue 

Although choline oxidase was found m whole liver tissue, it was absent 
in samples of isolated nuclei Since the addition of the boiled aqueous 
extracts of whole Inei did not increase the activitj of chohne oxidase in 
isolated nuclei, it is not likely that a coenzyme or activator of this enzjune 
system is removed during the piocess of isolating the nuclei Therefore it 
IS probable that chohne oxidase is lacking in nuclei of lat livmi cells The 
possibilitj that the enzj me is completelj destroyed during preparation of 
of the nuclei appears i emote 

We wash to acknowledge the financial support of The International 
Cancer Research Foundation of Philadelphia, Pennsylvania, which has 
made this woik possible Also we wash to thank Piofessor W R Bloor 
and Dr A L Bounce for their advice and encouragement throughout the 
course of this w ork 


SUMMARV 

1 An investigation has been made of the concentrations of d-amino acid 
oxidase, uncase, and cholme oxidase in normal rat liver and m nuclei iso 
lated from liver cells of normal rats 

2 It has b 1 found that both d-amino acid oxidase and uncase are 
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present in nuclei of In cr cells of nominl rnts The concentration of unease 
m nuclei is somewhat luplicr than that in whole tissue, while the concentra- 
tion of d ammo acul oxidase npocn7\ me is about the same in isolated nuclei 
and wliolc Incr tiasuc 

3 The coenrj me of d amino acid oxidase appears to be \ erj deficient in 
isolated nuclei, whereas sufhcienl is jircscnt in whole tissue for optimal 
actnitj of the enrjmc 

•1 Choline oxidase was not found in isolated nuclei of liver cells The 
addition of boileil aqueous extracts of whole liver did not promote the 
oxidation of choline in the isolated nuclei This enzj me is present in whole 
h\ cr tissue how cv cr 
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THE DISTRIBUTION OF WATER, NITROGEN, AND 
ELECTROLYTES IN SKIN 


Bt Lii LUN nciin nr nccu, a eslly cisni c, and 

DOnOTIIli WnBTZLKR 

(From thr Dcpeirlmml of Urrficinr of the Unnrrsiiij of Chicago, Chicago) 
(Ilccc>\c(l for pubticntioii, ‘^eptembor 1, 1943) 

V number of ‘studies m (bis senes hn\ e alretid}' been reported covenng the 
dislnbution of w ater and elect rolj tes betii cen blood and several of the body 
tissues, namelj , mu«clo, kidnej , and liver The intention of this investiga- 
tion IS to define s alues for the dislnbution of u ater and electrolytes between 
the senim and skin of the dog under normal conditions, and also under 
sc4cril cxpenmental conditions This report, therefore, gives data on four 
groups of dogs (1) a group of ten normal dogs, (2) a group of three pregnant 
dogs, (3) a group of si\ dogs \sath cxpenmcntal renal hypertension, and (4) 
a group of eight hjpcrtcnEivc dogs having an increased total body water 
produced by the injection of isotonic salt solutions 
A number of inv cstigators hav e reported the mineral content of mamma- 
lian skin Since their data w ere calculated on the basis of either dry or wet 
skin as remo\ cd from the animal and not on the basis of fat-free skin, their 
results gav c too large a dev lation Had the concentrations been expressed 
on a fat-free basis, the variation from animal to ammal would have been 
much smaller For that reason, the follow mg references are only minutely 
serv'iccablc In 1912 Luithlcn G) reported the content of bases m rabbit 
skin, in 1920 Klose (2) published data on the w ater, sodium, potassium, and 
chloride content of the skin of normal infants, in 1924 McLaughlin and 
Theis (3) contrasted the mineral composition of the skm of the cow, calf, 
steer, bull, heifer, and goat, in 1926 Brown (4) prepared data on the cal- 
cium, magnesium, sodium, and potassium content in the skin of man, dog, 
and rabbit, in 1928 Nathan and Stem (5) lecorded results on the mmeral 
content of human skin, in 1942 Combleet, Ingraham, and Schorr (6) gave 
some data on potassium, calcium, and sodium m human skin 
Few workers have been interested in determinmg the electrolyte and 
water equihbna in the skm of ammab Recently, Manery and Hastings 
(7), working on soft tissues from the rat and the rabbit, concluded that skm 
belonged to the group of tissues in which Na Cl ratios were the same as m 
an ultrafiltrate of plasma A further characterization of mammahan skm 
was obtained by Manery el al (8, 9) by using radioactive sodium and chlo- 
ride They found that the radioactive isotopes penetrated skin rapidly, 
beconung distnbuted between the plasma and the tissue to the same 
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magnitude as the normal isotope Since these findings on sLin nere the 
same as for muscle, liver, and kidnej% skin nas incorporated in this group 
of tissues and, therefore, it was deduced that skin must contain three 
chemical phases the extracellular phase nhich is m ionic equihbnum mth 
plasma and consists essentiallj of plasma ultrafiltrate and connective tis 
sue proteins, an intracellular phase which contains neither sodium nor 
chlonde, and an mtracellular phase which contains chlonde but not its 
equivalent of sodium 

The many different functions of the skm are the product of a strac- 
ture and chemical composition that are ver}' complex, vanable, and 
selectu e This vanation extends to the kind of ammal, its age and habits, 
and even to the location of the skin on the animal For this reason, it is 
unsound to attempt to draw any general conclusions about skm composition 
fiom the studj of a smgle species 

Procedure 

The normal dogs w ere kept for 3 w eeks in metabohsm cages on an alter- 
nate meat and Globe dog chow diet ' The pregnant animals were kept 
unng the latter part of their pregnancy m the same way Tie renal 
lertension in the animals was produced bj the constnction of renal 
artenes accoiding to the Goldblatt technique (10) The dogs in this group 
were tractable animals weighing from 9 to 13 kilos and having a control 
mean blood pressure between 110 and 140 mm of Hg The mean blood 
pressure w as recorded on a kvmograph by means of a mercury manometer 
connected through a large glass cannula with an 18 gage needle which was 
mtroduced, bv direct puncture, into a femoral artery A 2 5 per cent 
sodium citrate solution w as used as the anticoagulant m the system After 
the constnction of the renal artenes, the blood pressure of the dogs was 
taken at weeklj^ intervals Dogs developing a mean blood pressure of 180 
to 200 mm of Hg were used for these expenments 

Methods 

For the removal of tissue, all animals were anesthetized with nembutal 
The chest and abdomen were clipped with electnc clippers and then shaved 
with a straight edge lazor to lemove as much hair as possible After the 
shav mg of the skm, it w as w ashed wuth distilled w ater and dned wath gauze 
Blood was drawn undei oil fiom the femoral aiten' and allowed to clot 
The serum was used foi the analyses of water, chlonde, sodium, potassium, 
calcium, magnesium, and total mtrogen Immediately after the with 
draw al of blood the skm w as dissected from the vmntral w all of the abdomen 
and chest and placed in a glass-stoppered weighing bottle An area o 

> Globe Dog Chow Blox 
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nbout 10 X 8 cm wiis rcmo\ cd All incisions ncre closed ivith hemostats 
The dogs in ^\hlch an increased total body natcr iias produced received an 
intra\cnous injection of 170 cc per kilo of body n eight of an isotonic salt 
solution containing 25 niM of XallCOj + 129 mM of NaCl The salt solu- 
tion was warmed to 38“ and injected by gravity through the femoral vem 
at the rate of 15 cc per minute 30 minutes followang the injection, a stnp 
of skin aiijiroMinatelj 10 X S cm on the opposite side of the mid-hne was 
rcmoicKl and a second samjilc of blood wathdiawn from the femoral artery 

Each stnp of the remoied skin was quickly wiped wath gauze, placed on 
a tile, and tnmmcd to rcmoic nn\ muscle and as much free fat as possible 
It was then wajicd again, cut into small stnps npproMmatelv 0 5X2 mm , 
and placed in a weighed glass-stojijiercd weighing bottle To make sure 
that onh the skin laacrs were being analyzed, one of the small stnps was 
placed in formaldclndc foi histological examination The others, after 
being weighed, were placed m an oxen at 103° and dried to constant weight 
The dned skin was then extracted for neutral fat (11) 

Prcparalton of Skin Tissue for Ekclrohjle Dclcmnnahon 

Structures comprising the skin may be divided into two groups (1) 
epidermis and conum with the subcutaneous connective tissue and blood 
vessels, lymphatics, and nerx’es and (2) the appendages of the skin embrac- 
ing the hair follicles and special nenm endings Owang to this complex 
structure, it was necessary to work out a method for the treatment of the 
tissue for chemical analyses Some analyses w'cre made on skin cut into 
small straps, but this procedure w as not satisfactory because m cutting small 
straps of skin, more of one layer would be obtained m one stnp than in 
another, thus giiing widcl} dcxiating results Another difficulty was the 
elasticity of the skin To overcome this a large strip was quickly frozen 
wath carbon dioxide snow and then cut wath a razor blade into small stnps 
Again the results dex lated disappointmgiv The method finally dex eloped 
was as follows Aftei determinations of xvater and neutral fat content had 
been made on the combined small strips of skin, they were tiansferre 
quantitatively to a special apparatus and pulvenzed (11-13) The pulx en- 
zation of the skin tissue required a number of smashings After ate 

smashed material was put through a No 20 copper sieve, it x\ as returne to 

a large agate mortar and ground to a homogeneous mixture The mixture 
was then transferred to a weighing bottle and kept in a desiccator over 
sulfunc acid Before each aliquot xxas removed for weighing the mixture 
was stirred thoroughlj with a stainless steel spatula 
The followang deteioninations xvere made on the skin tota at, wa er, 
chloride, sodium, potassium, calcium, magnesium, total mtrogen, an co 
lagen mtrogen The chemical methods employed for these determinations 
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were the same as those previously reported (11), with the exception of the 
collagen method vhich vtII be discussed The approximate amounts of the 
dry skm tissue used for the different determmations v ere, for chlonde, 120 
to 150 mg , for total mtrogen 50 mg , for collagen nitrogen 70 to 100 mg , for 
sodium and potassium 1 gm , and for calcium and magnesium 1 5 gm 

In a number of the expenments an attempt was made to determine the 
collagen of the skin by usmg a modification of the method of Loivry, Gilh- 
gan, and Katersky (14) \Vlien the dry, fat-free smashed skm was sub 
nutted to their method, the alkali-soluble fraction was so large that there 
was little collagen left to hydrolyze This finding proved that the drymg 
of the skm m an oven at 100° hydrolyzed most of the collagen to gelatin 
Therefore, the method of LowTy et dl could not be used on dned skin Since 
dehydrated tissue vas used by Spencer, Morguhs, and Wilder (15) m their 
method for collagen determmation in muscle, it was thought that their 
method would be applicable to skin dned at 100° for 48 hours The Imuta 
tions of this method are apparent Too high results would indicate that 
some of the v ater-soluble proteins m skin (albumm) were being precipitated 
wth the gelatin fraction Too lov results would indicate that some of the 
gelatin was further hydrolyzed as a result of the autoclaving Since the 
centnfugate from the autoclaved skm gave no precipitate with 5 per cent 
tnohloroacetic acid by the method of Janota (16), the albumm fraction of 
the skm must have been denatured by the previous drying of the skm, or 
precipitated, or broken down bv the autoclaving at 20 pounds of pressure 

To check further the accuracy of the precipitation of gelatin by tannic 
acid, the centrifugates from a senes of autoclaved skins were treated with 
95 per cent alcohol by the method of Janota and the precipitated gelatin 
submitted to nitrogen determinations Results obtained by both methods 
v ere alike 

The collagen determination was carried out as follows 90 to 100 mg of 
dried, fat-free, smashed skm were weighed into centrifuge tubes, 6 cc of 
vater ivere added to the powder, and the tubes covered with aluminum foil 
and allowed to stand ovenught m the ice box The tubes were autoclaved 
ht 20 pounds of pressure for 4 hours, after which they were centnfuged and 
the centnfugate poured mto 50 cc centnfuge tubes contaming 6 drops of 
concentrated hydrochlonc acid 5 cc of 5 per cent tannic acid were then 
added The skm residue was washed three times wuth hot water The 
tubes were then placed m the ice box overnight, after which they were 
centrifuged The precipitated gelatin w'as dissolved m 2 cc of 2 N NaOn 
and transferred quantitatively to a Kjeldahl flask The gelatin nitrogen 
was determmed by the Campbell and Hanna method (17), the same 
used for the total mtrogen determmations Collagen was estimated y 
multiplymg the gelatin mtrogen value by 5 58 This factor of 5 58 was 
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obtnined b\ numcrou-^ in\cstiR'i(ors (18-20) nnd is acrcptcd by the packing 
indu«ln ' 

DiSCU'JfclOS 

lo/iifi/or Normal SI at — I'hc nmUtical dat i of the skins nnd serums 
from ten nonnnl dogN arc given in lables I and II, togcthci with the mean 
values wath standard devaations 
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tnotj/ir*; of Serum nmt SI in of S’ormnl Dcigi 
The ^ ahiM arc pn rn for fat free f kin 
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The water content and clectrolvde concentrations of the skins from all the 
animals are consistently constant This is attributable to the fact that all 
Values are expressed in terms of fat-free skin (21) The large and vanable 
Percentage of fat in the skin is piobabl3' the result of the presence of some 
at just beneath the conum layer, the large number of fat cells found in the 
leticular layer of dog skin, and the fat cells lining the hair follicles 

Debeukelaer, r L , Swift and Company, personal comraunication 
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Tlie greater portion of the solid matter of skm (292 gm per kilo) is pro- 
tein, mostly collagen The total nitrogen i alue for skin A\as 4G 8 gm per 
kilo, 0-3 7 gm , of nhich 33 I gm ■nerc collagen mtiogen This amount of 
collagen nitrogen represents 185 gm , ir 17 4 gm , (5 58 X 33 1) of collagen 
per kilo of fat-free skin, leavmg 107 gm of solid mattei to be allocated to 
the other proteins found m skin (mucins, albumin, globulin, melanin, kera 
tins, elastins, etc ) Louts et al (14) studied the content of collagen in 
human skin and found an average value of 33 3 per cent of the sset weight 
of the tissue, sshich is nearly tssice the smlue sse found in dog skm Our 
own preliminary studies on human skin give a collagen content more nearh 
that of dog skin 

The basic ion concentrations are \ ery constant for the senes Potassium 
and magnesium concentrations are low m companson with values found in 
other tissues, indicating indirectlj a small intracellular phase, sodium and 
chlonde values are high, indicating a large extracellular phase \olume m 
skm 


Tabll II 

Calcinm and Magnesium Content of formal Shn 
The ^ alues are gn on in mw per kilo of scrum and fat-free skin 
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The conclusion of Manerj^ Danielson, and Hastings (22) that the extra 
( ellular phase of a tissue consists of extracellular fluid and connective tissue 
proteins is most applicable to the tissue skm In the group of skin samples 
removed from normal dogs the connective tissue content of the skin was 
approximated from the collagen mtrogen bj the method that Mancrj el al 
(22) emploj ed for muscle, that is, by assuming that the connective tissue of 
skin corresponds to tendon and that the latio of collagen nitrogen to 
total nitrogen is the same m all connective tissue as it is in tendon Since 
hlanerj ct al (22) assumed the ratio of collagen nitrogen to total nitro 
gen in the tendon to be the same for dog as for beef, the ratio was deter 
mmed for dog tendon Therefore, the Achilles tendons and tendons o 
the flexor and extensor muscles of the front leg were rcmoied from dogs or 
anahses of total fat, water, total nitrogen, and collagen nitrogen In t (se 
anaU ses there w ere wide ^ anations in the content of the constituents in c 
different tendons, and also m different sections of each mdiv idual ten on 
A summar 3 ’’ of the data is given in Table III The average total nitrogen 
content of 63 7 gm per kilo of fat-free tendon, of which 95 per cen i 
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ollngcn nitiogcn, differs from the \ slues of the one beef tendon reported by 
Mitchell, Zimmenmin, snd Ilnmilton (23) Ihc w atcr content of these dog 
tendons is lower thsn tho^-c reported In Muntwjler cl al (24) but agrees 
both in a\cngc %alnc and \anation witii tlie labbit values reported by 
Manen cl al (22) 


lAnn III 

U oirr oii't jVilropcn Content of Dog 'J ciirfon 
fills (nl)lo reprosonts the results utitnincil from twcnt\-one cletcrminntions fhe 
\fllucs lire c\pr< ssed in f,ni per kilo of fat free tendon 
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Tadib IV 

Faltmaled IlVijM of Connecluc 1 issue in Skin with Calculated Concentrahons of 
Sodium and Chloride in This Tissue 
The values arc expressed lu units per kilo of fat free skin 



Collapen N 

ConntciiNe 

tMSUC ^ t 

ConnetUve i 

1 0 sucneipht 

Conntclu t 
tissue Cl 

ACl 

Connective 
tissue Va 

ANa* 


tm 


r. ! 

mu 

mu 

mu 

mu 

1 

30 7 

32 2 

505 

30 7 

49 5 

46 9 

59 4 

2 

29 5 

31 0 

187 

38 3 

48 7 

45 3 

53 1 

3 

32 7 

34 3 

538 

42 3 

45 4 

50 0 

48 6 

4 

33 1 

31 7 

' 545 1 

42 9 

44 4 

50 0 

43 0 

5 

38 7 

40 0 

638 , 

50 2 

34 9 

59 3 

34 7 

6 

30 7 

32 2 

505 ' 

39 7 

42 2 

46 9 

45 0 

' 

34 7 

36 4 

522 1 

41 0 

43 1 

48 5 

51 9 

8 

32 4 

34 0 

534 1 

42 2 

44 7 

49 6 

43 9 

9 

31 0 

32 5 

510 

40 2 

51 1 

47 4 

49 6 

10 

37 2 

39 0 

012 1 
i 1 

48 1 

39 8 

56 9 

35 9 

Mean 

33 J 

34 7 

540 1 

42 6 

44 4 

48 9 

46 5 

c 

30 

3 1 

46 1 

1 

3 6 

4 5 

4 5 

7 4 


* Total skin concentration minus conncctixe tissue concentration 


From the data m Table I, the weight of the connective tissue of skin w'as 
estimated, and then the amounts of chloride and sodium identified with this 
connective tissue were calculated from the analytical chloride and sodium 
data given bj Muntwyler el al (24) The chloride and sodium of the skin 
m excess of that accounted for bv the connective tissue should represent the 
ultrafiltrate volume if there is no chloride or sodium in the intracellular 
phase The results of these calculations are presented in Table IV The 
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the serum of these animals than m normal animals MTien the findings on 
skm from the hypertensn e dogs are compared n ith those from normal dogs, 
the greatest and most consistent differences are an increased total vater 
content mth a decreased total nitrogen content The increase m the total 
water content of 4 per cent is north emphasis Because the collagen 
method had not been worked out at the time that these experiments were 
carried out, the collagen nitrogen and therefore the connective tissue i\ere 


Table VI 


Analyses of Serum and Skin of Hypertensive Dogs 
The values are gi\ cn for fat-free skin 


Dog 



Blood 

pres 

sure 

pH 

CQi 

HA) 

Cl 

Na 

K 

Ca 

Mt 

Total 

Nt 

Fat 

■i 



mm 


mu 

tm 

HH 


mu 

mu 

mu 

tm 

(tn 




Hs 


pert 

ftrtt 

[SgtQ 


per i[ 

per ft 

per It 

per ft 

per it 



Serum 

■ tail 

7 33 

24 45 


BEK 


3 76 

2 4C 

1 OS 

liBi 


n 


Skin 





86 9 

99 8 

m 

2 22 

3 49 

45 3 

7 4 


10 G 

Serum 

176 

7 37 

24 85 




3 67 

2 31 


9 34 




Skin 




73S 2 



22 25 

2 17 


45 6 

72 1 

s, 

11 2 

Serum 


7 33 



106 C 

133 5 

3 60 

2 45 


9 80 




Skin 





81 3 

98 C 

23 85 

2 62 

2 33 

38 25 

72 0 

s, 

9 b 

Serum 


7 33 




139 6 

4 12 

2 22 

1 96 

9 49 




Skin 





84 0 

99 8 


2 73 

2 53 

37 6 


Ss 

11 4 

Serum 

175 

7 33 

27 25 

918 2 

115 2 

142 9 

3 95 

2 53 






Skin 





81 5 

98 6 


2 72 

2 47 

39 5 


m 

10 9 

Serum 




924 2 

112 1 

142 7 


2 45 


9 96 


m 


Skin 




764 9 

87 0 

98 3 

26 02 

2 31 

3 19 

39 2 

159 7 

Mean 


Serum 




923 2 

109 5 

140 5 


m 

1 09 

9 84 




<T 




2 9 

4 1 

3 7 



EIS 

B 




Skin 




747 1 

83 9 

98 1 

24 58 

2 46 

2 69 

3X1 




O’ 

; 



13 4 

2 3 

2 1 

2 18 

■ 

B 

3 7 1 




not estimated in these skins The outstanding finding m the skins of 
dogs with hypertension is the change m total water and nitrogen content, 
without changes in sodium and chloride concentrations Since the potas 
Slum and magnesium concentrations did not change and since the osmotic 
pressure of intracellular fluids is largely determined by the concentration o 
these ions, it seems likely that the increase in the water did not come from 
the skm cells but from the vascular bed 
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Ekclroh/tc a)id H alcr Content of Skin from Hypertensive Dogs before and 
after Injection of Isotonic Salt Solutions — stiidv R "is made on the effect of 
an Ricrcapc m total hod\ water proditccd l)j the mtraaenous injection of 
170 cc per kilo of bod\ weight of an laotonic salt solution containing 129 mM 
of NaCl -h 2o inM of XallCOj Table VII gii es one representative e\pen- 
ment from the group of eight doga, together wath the mean values with 
standard de\ lations from all of the eight dogs 
Since the skin from pregnant and Inpcrtensivc dogs contained larger 
amounts of water than that from normal dogs, we questioned whether it was 
possible for the skin to accumulate more w ater w hen the total bod}' w ater was 

Tabu Vll 

Hypcrlcnsirc /tnimob Changts in ISlooii and Skin after Injection of formal Isotonic 
Sodium Chloride Solution, t£9 mxr of SaCl + SS mu of NallCOi 


Dog S , \scight 11 -1 kilos, lass cc injected Blood pressure, 180 mm 




nil 

CO 

n-o 

c. 

\a 


Ca 

Mg 

Total 

N 




mu 
fa I 

cm 

ftf kti 

mu 

Ptr k< 

mu 
per t£ 

mu 
per kg 

rivf 

peris 

mu 
per kg 

tm 

perks 

berum 

Initial 

7 38 

27 25 

918 2 

115 2 

142 9 

3 95 

2 53 

0 85 

10 45 


Final 

7 31 

20 85 

945 4 

116 8 

146 5 

2 98 

1 03 

0 64 

6 43 

Skm 

Initial 



750 2 

81 2 

98 6 

27 3 

2 72 

2 47 

39 7 


Final 



824 0 

92 2 

112 0 

20 4 

1 91 

1 75 

27 0 


Mean of 8 dogs 


Serum 

Initial 

7 

33 

26 

04 

921 

7 

108 

1 

140 

5 

3 

97 

2 

46 

1 

05 

9 

75 


er 

0 

07 

I 

53 

4 

0 

3 

6 

3 

8 

0 

29 

0 

11 

0 

16 

0 

49 


Final 

7 

41 

25 

35 

949 

4 

no 

4 

144 

7 

3 

32 

1 

70 

0 

52 

6 

01 


c 

0 

13 

1 

51 

5 

4 

2 

9 

4 

1 

0 

25 

0 

27 

0 

07 


90 

Skin 

Initial 





748 

7 

83 

4 

97 

7 

24 

4 

2 

18 

2 

37 

m 

4 







15 

0 

2 

3 

2 

7 

2 

5 

0 

55 

0 

41 

3 

El 


Final 





788 

7 

91 

2 

105 

1 

20 

0 

1 

91 

1 

96 

33 

El 


a 





23 


2 

5 

3 

7 

2 

8 

0 

51 

0 

40 

4 

0 


increased In some of the experiments, even though the original amount of 
w atei m the skin w as 75 pei cent, there w as a nse to 82 per cent follow mg the 
increase m total bod} w ater This percentage increase is ver} high com- 
pared wath the increase fovind m an} other tissues in the body under hke 
expenmental conditions (21, 12) The distribution of this water cannot be 
definitel} described at this time, but shghth lowered potassium concentra- 
tion indicates that there was little swelhng of the tissue cells, whereas the 
large increases m sodium and chlonde concentrations indicate a large 
increase in the extracellular phase 

Since these large volumes of w ater can be held by the skin and not by 
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other tissues of the body, there is in these expenments direct evidence that 
skin IS a reservoir capable of taking care of a verj^ considerable part of any 
excess fluid added to the bodj' 


SUMMARY 

Procedures are presented foi water, electrolyte, total nitrogen, and 
collagen nitrogen analyses of whole skin 

Blood and slun taken simultaneously have been analyzed foi total water 
and electrolyte concentrations from normal, pregnant, and hypertensive 
dogs The results have been discussed 

For skm from normal dogs the means were as follows total water, 708 3 
db 20 1 gm , chloride, 86 7 ±25 mM, sodium, 96 5 ± 4 2 mM, potassium, 
22 4 ± 2 7 mM, calcium, 2 54 ± 0 17 mM, magnesium, 3 03 ± 0 37 mji, 
total nitrogen, 46 8 ± 3 7 gm , collagen nitrogen, 33 1 ± 3 0 gm per kilo of 
fat-free tissue 

By applying methods now' accepted as valid for calculating the connective 
tissue proteins in tissue the w eight of connective tissue m skin was estimated 
and found to be 540 gm ± 46 gm per kilo of fat-free skin The possibility 
that the chlonde in the skm tissue is not all extracellular has been considered 
and by inference under the conditions of these experiments there is indica 
tion that some of the chlonde is within the cells This conclusion w as based 
on the following (1) The Na Cl ratio in the skm wjis found to be 1 11 
mstead of the latio found m the plasma ultrafiltrate (2) The intracellular 
phase calculated from the assumption that all of the chloride is exti acellular 
either m the connective tissue or the ultrafiltrate was too low if the potas- 
sium and magnesium of skm are to be attributed to the intracellular space 

Expenments on hypertensive dogs are descnbed m which the analjses 
of skm w ere earned out after an increase m the total body w ater had been 
produced by the injection of large volumes of isotonic salt solution The 
increase m the relatu e percentage of total w ater of the skm amounted to a 
mean of 4 per cent w'hich is actually 10 per cent higher than the normal skin 
value It IS apparent, therefoie, that skm can be classed as a reservoir 
capable of taking care of a large part of any excess fluid added to the body 
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THE EFFECT OF CYTOCHROME OXIDASE INHIBITORS ON 
THE FORMATION IN VITRO OF THYROXINE AND 
DIIODOTYROSINE BY THYROID TISSUE WITH 
lEVDIOACTR^E IODINE AS INDICATOR* 

H SCHACHNEU, A L FRANKLIN, and I L CHAIKOFF 

{From the Dtttston of Physiology, University of California Medieal 
Sehool, Berkeley) 

(Received for publication, July 10, 1943) 

The mechanism for the formation of thyroxme and duodotyrosine m the 
thjToid gland is at present unknown Some jears ago Harmgton and 
Barger proposed that thyrovine is formed in the gland by the couplmg of 
2 molecules of duodotyrosine (1) Since that time it has been demon- 
strated by sev eral n orkers that such a reaction can occur Von Mutzen- 
becher isolated th} rovane after incubatmg a basic solution of dnodotyrosme 
at 37° for long periods (2) TIus findmg has been confirmed by Block (3) 
and also by Johnson and Tewkesbury (4) Von Mutzenbecher further 
showed that the sjmthcsis of thyroxine under these conditions was inhibited 
by sodium sulfite and therefore he behoves that oxidative steps are mvolved 
in this sjmthesis, the oxidizing agent being lodme or hypoiodite split off 
from the dnodotyrosme That hypoiodite plays a r61e in the formation of 
thyroxine by the couplmg of 2 dnodotyrosme molecules has been expen- 
mentally verified by Johnson and Tewkesburj’^ (4), these workers found 
that hypoiodite increased the amount of thyroxme formed They also 
proposed a specific reaction mechanism mvolving oxidative steps to explain 
the formation of thyroxme from 3,5-duodotyrosme 
It IS shown here that oxidative steps participate m the formation of 
thyroxme and duodotyrosme by thyroid tissue This was demonstrated 
by a procedure in which the mcorporation of labeled morgamc iodide mto 
thyroxme and dnodotyrosme by suryivmg slices of sheep thyroid gland 
was measured (5) 


EXPERIMENTAL 

Preparalion of Slices — Thyroid glands from sheep weighmg approxi- 
mately 30 kilos w ere used in these experiments The method of obtaimng 
the thyroid glands and the preparation of slices of this tissue have been 
described (5) The preparation of the bicarbonate-Ringer’s solution con- 
taimng radioactive iodide and the method of incubation of thyroid slices 

* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council 
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at 38° Mere the same as those lecorded elsewhere (5) 300 mg of thjroid 

slices Mere transferred to each reaction flask, Mhich contained 3 0 cc of the 
bicarbonate-Ringer’s solution The vessels Mere gently agitated during 
the entire penod of mcubation 

Addition of Inhibitors — ^Azide, cyanide, and C 3 'steine m ere added as solu- 
tions of NaNs, NaCN, and cysteme hydrochloride, 0 1 cc of each Mas 
added to the flasks These solutions Mere of sufficient strength to jueld 
the concentrations recorded in Tables I to III M'hen added to 3 0 cc of 
the bicarbonate-Ringei ’s solution The effect of the addition of the small 
volumes on the tomcity and volume of the medium Mas considered neg- 
ligible The reagents used m ere all of c p grade Before their transfer 
to the flasks, the solutions of azide, cyanide, and cysteine hydrochloride 
M ere adjusted to pH 7 4 

A stock solution of H^S m as prepared by saturatmg distilled m ater m ith 
this gas at room temperature Titration of an aliquot of this solution ivith 
base shoMed it to be about 0 1 m HjS The pH of the stock solution Mas 
adjusted to 7 4, 0 1 cc of the solution M'as then transferied to the reaction 
flask contammg 3 0 cc of the bicarbonate-Ringer’s solution 
Anaerobic Conditions — In one set of experiments anaerobic conditions 
were obtained by carrying out the experiments in the presence of a com 
mercial gas mixture contammg 95 per cent Ns and 5 per cent CO 2 mstead 
of the 95 per cent O 2 and 5 per cent CO 2 mixture used in the control expen 
ents The bicarbonate-Rmger’s solution was saturated inth the former 
gas mixture, iihich contamed a maximum of 0 6 per cent oxygen as an 
impurity This same gas mixture nas blomi into the flask before and 
after the addition of the bicarbonate-Ringer’s solution and again imme- 
diately after the slices were added 

In another set of experiments the small quantity of O 2 present in the 
gas mixture Mas further reduced by suspendmg yellow phosphorus in a 
glass cup in the middle of the reaction flask (6) In this set of ex-penments, 
as xvell as m the previous one, the tightly stoppered reaction flasks Mere 
sealed with paraffin after the thyroid shces had been added and the atmos 
phere above the bicarbonate-Ringei ’s solution had been displaced Mith 
the N 2 -CO 2 mixture 

CO Experiment — Carbon monoxide M'as made by the action of hot con 
centrated sulfunc acid on formic acid The method by Mhich the gas 
mixture Mas prepared and introduced into the reaction flask has been 
desenbed elscMhere (7) Dark conditions Mere obtained by completely 
covenng the reaction flasks Mith black paint In order to obtain light 
of sufficient mtensity for the experiments described in Table V as in 
light,” the reaction flasks Mere exposed to the light from a ISO Matt bu 
Separation of Iodine Compounds — ^The fractionation procedure emp oy 
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for tliD Bcparation of (li\ro\ine, diioclotj rosinc, and inorganic iodide was a 
modification of Cfau's method, desenhed elsewhere (5) Only in a few 
samples were radioactive thjro\ine, diiodotyrosine, and morganic 
determined separatclj' In most eapenments only thyroxine I*“ and di- 
lodotj rosine 1”' w ere determined directly, and inorganic ivas obtamed 
by difference 

Rcsnlts 

Azide — The effects of 0 005 m azide (NaNj) aie shown in Table I This 
substance reduced the jiercentage of the I”' recovered as thyroxine from 

Table I 

Effect of A:tdc on Thyroitnc and Diiodotyrosine Formation 
Each flask contained 300 mg of slices of sheep thjroid m 3 cc of a bicnrbonate- 
Ringer’s solution, period of incubation, 2 hours 


Erptrimcril j 


Per cent of Ringer s recovered as 



Thyroxine 

Dnodot> rosine 

Inorganic iodine 

1 

Control 

8 4 

68 2 

27 0* 



8 8 

58 9 

33 4* 

1 


74 

51 0 

42 0* 


Azido, 0 005 M 1 

0 4 i 

10 3 

89 3 



0 4 

6 1 

94 5 



0 7 

10 9 

88 4 

2 

Control 1 

7 7 

80 6 

11 8 



6 0 

83 4 

10 6 



i 7 9 

83 2 

8 9 


Azide, 0 005 m 

1 0 

4 3 

94 7 


1 0 9 

66 

92 5 

1 


* In these experiments, each fraction was determined separately The complete 
ness of the recovery is show n by the sum of the values of the three fractions, namelj 
103 0, 101 1, and 100 4 per cent Unless so designated, only thyroxine I‘” and 
diiodotyrosine I’*' were determined separately and inorganic I“‘ obtained by differ 
ence 

8 per cent to 0 4 to 1 0 per cent The latter values show' that the inhibition 
of thyroxine formation under the influence of azide is practically complete, 
smee Morton et al found amounts of similar magmtude in the thj'roxine 
fraction when samples known to contain only morganic were analyzed 
by the procedure used here (8) In the same experiment it was shown 
that the amount of I'^* recovered in the diiodotyrosine fraction did not 
exceed 1 per cent 

The degree of inhibition of diiodotyrosine formation produced by the 
azide was appreciable but m general w'as not as great as m the case of 
thyroxme formation 
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Sulfide — ^The inhibition produced by sulfide iias practicall} complete 
MTth respect to thjTOxme formation (Table II) As m the case of azide, 
small amounts of duodot3Tosine i\ ere formed m the presence of 0 003 m 
H iS Smee H-S is a fairly strong reduemg agent, it was desirable to shoii 
that its activity as an inhibitor nas not due to its reduemg poiver only 
It can be shown that the reducing power of cj’steine is comparable to that 
of (9, 10) For this reason the effect of cysteme upon the formation 
of thi ro\ine and diiodotj’rosme by thyroid shces w as tested ' Table II 
shows that the inhibition produced by cysteme is much smaller than that 
produced by HiS This result suggests that the mhibitorj' effect of HjS 
IS not due onl3’^ to its reduemg power 

Table II 

Effect of Sulfide and Cysteme on Thyroxine and Diiodotyrosine Formation 
Each flask contained 300 mg of slices of sheep thyroid in 3 cc of a bicarbonatc- 
Ringer’s solution, period of incubation, 2 hours 


Experiment 

No 


Per cent of Ringer 5 1’” recovered as 

Thyioune ! 

Diiodotyrosine 

Inorganic lodme 

1 

Control 

8 2 

59 4 

34 1* 


Sulfide, 0 003 m 

0 4 

3 4 

90 2 



0 4 

4 0 

95 6 



0 4 

4 6 

95 0 

2 

Control 

7 7 

SO 5 

11 8 



6 0 

83 4 

10 6 



7 9 

S3 2 

8 9 


Sulfide, 0 003 m 

1 0 

8 0 

91 0 



1 4 

4 6 

94 0 


Cysteine, 0 02 m 

3 0 

71 4 

25 0 



5 7 

77 4 

16 9 

1 






* Control experiments are the same as those shown in Experiment I of Table I 
Only average values are therefore given here 


Cyanide — The effects of C3amde on the thyroxine and diiodot} roaine 
formation were similar to those observed in the case of azide and sulfide 
(Table III) 

Ne Anaerobiosis — In Experiment 1 (Table IV) anaerobic conditions u ere 
produced b3 the use of a commercial gas mixture contaimng 95 per cen 
N2 and 5 per cent CO. A maximum of 0 6 per cent of oxygen w as presen 
in this gas mixiure as an impunty In the presence of so small an amoun 

* Unfortunatelj nothing is known about the comparative rates of the 
effected bj H S and uj steine in the thyroid gland Hence the substitution 0 ^ 

for H S as a reducing agent maj not be completely x nlid How ev er, no o cr 
of testing this point is available at present 
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of oxygen the quantities of radioactn c thyroxine and duodotyrosine formed 
vcrc not ns great ns in the controls, but tlic inhibitoiT effect of this degree 
of anncrobiocis was not ns pronounced as the effects of cyanide, azide, and 
sulfide obserxed aboxc 

In order to decide nhethei thjroxinc and diiodotxiosme foimationwas 
completclj independent of the presence of oxygen, the oxj^gen tension was 
reduced furthei bj suspending yellow phosphorus in a glass cup in the 
middle of the reaction flask (C) This was done in Experiments 2 and 3 
Under these conditions a further icduction in the amounts of radioactive 
thyroxine and diiodoljrosmc formed was obseiwed But the amounts of 
thxTOxinc formed in tliasc e\-pcnmcnts were not negligible, this ls par- 

Tadle III 


hjfccl of Cynmdc on Vhyroxtnc and Dttodolyrostnc Fornialton 
Lach flask contained SOO mg of slices of slicop tlnroid in 3 cc of a bicarbonate- 
Hinger’s solution, penod of incubation, 2 hours 


Ezperimeot 

No 


Per Cent of Ringer fl rccoverccl as 

Thyroxine 

Dhodotyrosme 

Inorganic iodine 

1 

Control 

8 2 

59 4 

34 1 * 


Cynnidc, 0 01 m 

0 2 

9 9 

89 9 



0 2 

8 5 

91 3 



0 2 

73 

92 5 

2 

Control 

77 

48 6 

43 8 



7 2 

63 6 

39 2 



6 9 

47 8 

45 3 


Cynnidc, 0 01 m 

0 7 

6 2 

93 1 



0 7 

16 1 

83 2 



0 6 

81 

91 3 


• The control experiments are the same as those show n in Experiment 1 of Table I 
Only average values are therefore given here 


ticularly x\ell shown in the experiments of 3 and 4 houit> duiation, in which 
as much as 5 per cent of the I‘’‘ x\as recovered as thvioxine 
Carbon Monoxide — Since tfie classical work of Waiburg (11) CO ha* 
been extensively tised m studies of biological oxidations (12, 13) The 
effects of CO upon thyroxine and duodotviosine foiniation m the dark as 
well as m the light are shown, in Experiments 1 and 2 of Table V In the 
former only traces of Oj were contained in the flask, the gas nuxture con- 
sisted of 95 per cent CO and 5 per cent CO^ In Experiment 2, 5 per cent 
O 2 was present, the gas mixture consisted of 90 pei cent CO, 5 pei cent COj, 
and 5 per cent O 2 Experiments in which the gas mixture m contact xvith 
the medium consisted of 95 per cent O 2 and 5 per cent CO" w ere considered 
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adequate controls, since expemnents recorded above on the effect of oxj'gen 
lack had shoivn that a great decrease m the 0. tension had only a small 
effect on the recovery of radiothj roxine and radioduodotyrosme 


Table IV 


Effect of Anaerobic Conditions on Thyroxine and Diiodotyrosine Formation 
Each flask contained 300 mg of slices of sheep thjroid m 3 cc of biearbonate- 
Ringer’s solution 


Expen 

mcnt 

No 


Gas mixture above 
Ringer s solution 

Period 
of incu 
bation 

Per cent of Ringer s 
recovered as 

0 , 

CO, 

N, 

Thy 

roxine 

Dnodo 

tyrosine 

Inor 

game 

lodme 



percent ' 

per cent 

Per cent 

Arj 




1 

Control 

95 

5 

0 

2 

8 3 

55 4 

36 3 







7 6 

45 6 

46 8 







6 8 

48 6 

44 6 


N , anaerobic 


5 

95* 

2 

5 6 

S3 0 

41 4 




1 



2 9 

28 6 

68 5 







4 6 

37 9 

57 5 

2 

Control 

95 

5 

0 

2 

8 4 

67 3 

24 3 







8 6 

60 2 

31 2 







9 0 

66 6 

24 4 


Nj, anaerobic 


5 

95t 

2 

2 2 

21 9 

75 0 


1 





1 2 

11 3 

87 5 







1 1 

6 2 

92 7 


Control 

95 

5 ; 

0 

4 

9 5 

67 9 

22 6 




] 



10 2 

66 3 

23 5 


Nj, anaerobic 


5 

95t 

4 

5 1 

47 6 

47 3 







2 5 

18 2 

79 3 

3 

Control 

95 

5 

0 

2 

9 7 

74 7 

15 6 

1 






8 3 

72 5 

19 2 







8 9 

74 3 

16 8 


Nj, anaerobic 


5 

95t 

2 

3 9 

38 2 

57 9 






3 6 

35 6 

60 8 







2 8 

24 7 

72 5 


Control 

95 

5 

0 

3 

9 1 

74 1 

16 8 







9 3 

67 9 

22 8 


Nj, anaerobic 


6 

95t 

3 

4 8 

47 1 

48 1 

1 





2 6 

66 6 

30 8 


* A commercial preparation containing a maximum of 0 6 per cent Oj 
t Traces of O2 removed bj suspending jellow phosphorus in the reaction flask 


A strong inhibition in the rates of thyroxine and duodot 3 'rosine forma 
tion IS shown in Experiment 1 Under the conditions of this experiment, 
namelj the almost complete absence of no pronounced difference "as 
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obscr\ cd m the rcco^'crv of rndiotbj ro\inc and radiodiiodotyrosine, Avhether 
the reaction iias earned out in the light or in the dark ^ 

In Experiment 2, a distinct inhibition in the sjmthesis of radioactive 
th 3 ro\jnc and diiodolj rosme uas again observed, but in an atmosphere 
containing 5 per cent 0-, the inhibitor^' effect of CO (particularly upon the 
diiodotjTosine formation) i\as less pronounced in the presence of light 
than in the dark The difference obsen'cd in Experiments 1 and 2, namely 

Iable V 

EJfcct of Carton Monoxttit on Tht/roxinc and Diiodolyrosine Formation 


Each flask contained 300 mg of slices of sheep thyroid in 3 cc of bicarbonate- 
Ringer’s solution, period of incubation, 2 hours 


Expcri 

went 

No 


Gas mixture above Rioger s solution 

Per cent of Rioger s recovered 

as 

1 1 

< Ch 

1 

CO, 

CO i 

Remarks 

Thy 

toxine 

Diiodo 

tyrosine 

Inorganic 

iodine 



ftf ctnt 

pereent j 

percent ; 





1 

Control 

95 

5 

0 j 


12 1 

51 9 

36 0 





1 


12 4 

66 9 

30 7 







II 5 

47 0 

41 5 


CO 

1 Trace 

5 

95 

In dark 

1 4 

6 0 

92 6 






1 

1 

2 0 

60 

92 0 







3 9 

n 5 

84 6 


II 

l< 

5 

95 

" light 

3 4 

6 8 

89 8 







3 9 

19 3 

76 8 


1 





2 6 

7 8 

89 6 

2 

Control 

95 

5 

0 



80 5 

11 8 







■il 

83 4 

10 6 







1 7 9 

' 83 2 , 

8 9 


CO 

6 

5 

90 

In dark 

1 8 

15 0 

83 2 






j 

2 6 

21 0 

76 4 







1 8 


87 8 

1 

fl 

5 

5 

90 

light 

4 5 

67 0 

38 S 





1 


4 8 

64 5 

40 7 

1 




1 


2 3 

40 3 

67 4 


that light diminishes the CO effect iihen as httle as 5 per cent O 2 is present 
but has no distinct effect in the absence of O 2 , is further evidence of the 
importance of oxygen m these reactions 

* In preliminary experiments it ivas also shoiin that the conversion of to thy- 
roxine and diiodotyrosine in the controls (t e in the presence of a gas mixture con- 
sisting of 95 per cent O 2 and 5 per cent CO 2 ) nas the same irrespective of nhether it 
took place in the light (160 natt bulb nas used) or dark 





















198 


CTTOCHROME OXID4SE INHIBITORS 


DISCUSSION 

At present only two enzymes, namely cytochrome oxidase and poly- 
phenoloxidase, are known to be inhibited by all four of the following sub- 
stances KCN, H:S, CO, and NaNj (14) Polyphenoloxidase is found 
prmcipally m plants and does not act on substrates usually present m 
animals (15) The inhibition of the mcorporation of mto thyroxine 
and duodotyrosme by each one of these poisons together ivith the marked 
effect of light on the inhibition b}' CO (this is perhaps the best single piece 
of evidence for this point (13)) shows clearly that the cytochrome-cyto- 
chrome oxidase sj'stem is mvolved in the formation of these iodine com- 
pounds by the thjToid gland ’ 

In xueu of this conclusion, it is somewhat surprising that a great reduc 
tion m the oxygen tension m the atmosphere m contact mth the thyroid 
shces (from 95 to less than 1 per cent) had httle effect on the conversion 
of morgamc to thyroxine and duodotyrosme when compared with those 
of azide, sulfide, and cyamde That oxygen plays a r6le m the mcorpora 
tion, however, W'as clearly shown in expenmen ts m which the percentage 
of oxygen m the atmosphere was reduced below 0 6 Smce it is difficult 
to remove the last traces of oxygen from the surviving tissue slices, it 
cannot be decided whether the formation of radiothyroxine and radio- 

odotjTOsme observed under the conditions descnbed m Experiments 2 

1 3 of Table IV is due to reactions m which traces of oxygen participate 
01 to reactions which do not involve oxygen The latter assumption, 
however, does not mvahdate the mam thesis of this paper, namely that 
the cj tochrome-cji/ochrome oxndase system is directly mvolved m the 
formation of thyroxine and duodotyrosme by survixmg thyroid tissue, 
smce reduction of the oxygen content of the reaction flasks below 0 6 per 
cent did produce marked inhibition m the formation of thyroxme and 
duodotyrosme 

Li (16) found that the rate of lodmation of tyrosine to 3,5-diiodotyrosine 
IS a function of the concentrations of hypoiodous acid (HIO) and of iodine 
(Ij) If a smular mechanism is mx'oh'ed m the formation of diiodotyiosine 
by animal tissues, then it is conceivable that the oxidation of iodide either 
directly or mdirectlj' through the cytochrome^cjtochrome oxidase system 
provides the HIO and I2 in the tissue To this supposition the objection 
might be raised that I; and HIO are not present m tissues m measurable 
amounts But m a heterogeneous system such as that found in a celj 

’Since cyanide, azide, and sulfide inhibit oxidative enzymes other than cytochrome 
oxidase (e g peroxidase), the possibility of the participation of oxidatixc enzjmc- 
othcr than cytochrome oxidase in the formation of thxroxine and duodotyrosme i 
not ruled out here 
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it IS concciA able that, e\ cn though infimtcsunal amounts of the substances 
arc present, thej arc sufTicicntK concentrated at the site of reaction to 
lodinate tjTOSine 


SmiilART 

The influence of anacrobiosis and of substances that inhibit cytochrome 
oxidase upon the incorporation of radioactive inorganic iodide into dnodo- 
tyrosinc and thyroxmc bj sumvung thyroid shces was mvestigated 

1 Cjamdc, azide, sulfide, and carbon monoxide inhibited the formation 
of duodotjTOsme and thvToxme from morgamc iodide bj thvTOid tissue 
The inhibition produced by carbon monoxide was more pronounced m the 
dark than in the hght 

2 Anaerohiosis caused a strong mhibihon when the amount of 0 was 
reduced below 0 G per cent 

3 It IS concluded that the formation of both duodotj-rosme and thjwoxme 
by the thvToid gland is Imbed with aerobic oxidations m which the cyto- 
chrome-cj’tochromo oxidase sv'stem is involved 
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IMPRO^'EMENTS IN THE LACTOBACILLUS CASE! ASSAY 
FOR BIOTIN* 

G M SIIUI L AND W H PETERSON 

(From the Dcparlmatl of Dtochcmtslrtf, College of Agnciillurc, University of Wisconsin, 

Madison) 

(Rcccucd for publication, Julj 31, 19-13) 

Some intcstigalors who have used our method for the determination of 
biotin (1) hate informed us that thc 3 ' did not obtain satisfactory growdih 
and acidity w ith even an excess of biotin A few of the men m our own 
laboralorj' w ho ha\ c prepared the medium for the first time have also 
encountered tlic same difficulties WJienever possible, tve have obtained 
samples of tbese media, and ha\e mvanably found the trouble to be due to 
a low le\ el of eluate factor (2, 3) m the medium The mam source of this 
factor IS yeast extract, but ns this also contains much biotm the problem 
encountered is to remove the biotin and still leave an adequate supply of 
eluate factor It is neccssar\ to iemo\e most of the biotm rather than 
merelj' to inactivate it with pei oxide because high concentrations of perox- 
ide-treated biotm m the basal medium lead to unieprodiicible results The 
difficulty expenenced bj' some workers m this and other laboratones was 
caused bj remo\ al of too much eluate factor as w ell as biotm by the norit 
treatment given m the ongmal method The j'east supplement desenbed 
below provides an optimal amount of eluate factor and only a small amount 
of perovide-treated biotm 

Preparation of Yeast Supplement — 20 gm of yeast extract (Difeo) are 
dissolved in a liter of water and the pH is adjusted to 2 0 wuth H 2 SO 1 4 
gm of nont A are added and the adsorption is carried out at 55-60° wnth 
mechanical stirring for 30 minutes The nont is filtered off and the filtrate 
saved for later use The nont is eluted with 200 ml of 50 per cent ethanol 
at room temperature for 15 minutes This eluate, which contains a part of 
the biotm of the ongmal material, is discarded and the nont is eluted a 
second time wath 200 ml of a solution containing 10 parts of NH4OH (28 per 
cent), 50 parts of 95 per cent ethanol, and 40 parts of water, at 55-60° for 15 
minutes The extracted nont is discarded and the eluate is distilled in 
vacuo to remove the NHs and ethanol The volume of the eluate is then 
made up to 200 ml and the pH is adjusted to 3 0 10 gm of Super Filtrol 

(Filtrol Corporation, Los Angeles) are added and the mixture is stirred for 
15 minutes at room temperature The Super Filtrol adsorbs the eluate 
factor readily but leaves most of the biotm m the filtrate After filtration 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station This work was supported in part by a grant from the XViscon- 
sin Alumni Research Foundation 
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the Super Filtrol is eluted with 200 ml of the ammomacal ethanol solution 
descnbed above for 15 nunutes at room temperature The eluate is dis- 
tilled in vacuo until the NH 3 and ethanol are removed It is then added to 
the nont-yeast filtrate from the first operation and the volume of the com- 
hmed solution is made to 1300 ml The pH is adjusted to 3 0 and 13 ml of 
Euperoxol (Merck, 30 per cent H-O-) are added to oxidize the small amount 
of biotm contamed m it The solution is allowed to stand for 24 hours at 
room temperature At the end of this penod the pH is adjusted to 7 0 and 
15 gm of MnOs are added mth stimng When the evolution of oxygen has 
ceased, the solution is filtered and is now ready for use m the assay 

Smce different hatches of yeast extract contam varymg amounts of eluate 
factor, it IS well to test each preparation to ascertam whether it contains an 
adequate amount of the factor An assay should be set up m which all 
tubes contam 1 milhimcrogram of biotm and vaiymg amounts of the yeast 
supplement (from 0 5 to 3 0 ml ) are added per tube A titration of about 
11 0 ml of 0 1 N alkali mdicates that there is sufficient eluate factor present 
and somewhat more than the required volume of the supplement should bo 
used subsequently m all biotm assays 

Inoculum . — The moculum prexuously descnbed has proved satisfacton 
when uniform drops of it were used in the assay tubes However, unless 
- „^t care is taken, the size of the drops will vary and the possibility of 
^rgettmg more inoculum m one tube than m another becomes greater An 
increased titer always resulted when more than 1 diop of this heavy inocu 
lum was added per tube B 3 ' reraovmg the suspending medium and dilut- 
ing the resuspended cells, an inoculum w hich w as mdependent of drop size 
or number of drops (1 to 3) was obtamed It is prepared m the following 
manner 

A transfer from the stock culture mto 10 ml of the j^east extract medium 
described m the procedure is made 1 full day before the assay is to be set up 
After 20 to 30 hours mcubation at 37°, the cells are centrifuged and resus 
pended in 10 ml of sterile w ater 1 drop (0 05 ml ) of the resuspended cells 
is transferred to 10 ml of sterile w'ater, and 1 drop of this dilute cell suspen 
Sion IS used in each assay tube for inoculum 


SUMMARY 

Two modifications of the Lactobacillus caset assay for biotm are prc 
sented The eluate factor lex el m the j'east supplement of the basal me 
dium is increased by an elution procedure so that optimal growth of the 
organism is insured The preparation of an inoculum w hich is independent 
of drop size is descnbed 
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STUDIES ON THE MET.iBOLISM OF CLOSTRIDIUM TETANI 

B\ M J PICKETT 

(from the DepaTiment of Bacicrwtogy and Immunology, Harvard Medical School and 
School of Public Health, Boston) 

(Received for publication, September 9, 1943) 

For the development of a synthetic medium which wnll support good 
growth of Clostridium iclani, and at the same time give good yields of 
tovin, it w ould appear desirable to have av ailable further data on the metab- 
olism of this organism The ammo acid requirements have recently been 
investigated by Mueller and Miller (1) and Feeney, Mueller, and Miller (2) 
Thej found that trjqDtophanc, tyrosine, leucine, isoleucme, histidine, vahne, 
and argmine were essential for growth m a synthetic medium, while threo- 
mne, senne, and phenylalanine were strongly stimulatory Glutamic acid, 
although not stimulatory, permitted much heavner growth Clifton (3) has 
studied the utilization of several of these ammo acids, as well as possible 
mtermediate products, by washed suspensions of Closlndnim lelani He 
found no COj or NHj production from glycine, alanine, glycme plus alamne, 
and proline, whereas these two products were formed from glutamic and 
aspartic acids and from senne Pyruvic and fumaric acids were also at- 
tacked, blit not gli-^ccrol, glucose, and formic, acetic, biitync, lactic, maleic, 
malic, glvcolic, and succinic acids 

This paper is concerned w ith further studies on the metabolism of ammo 
acids and possible intermediate compounds by w ashed suspensions of Clos- 
tridium telam Foui strains w ere employed in prehmmary experiments bj 
the Thunberg procedure and one of these, the Tulloch III stram, was used 
for more detailed studies on the metabolism of histidine and malic acid 

EXPEHIMENTAL 

Methods 

1 hter of mfusion broth containing 0 5 per cent glucose was moculated 
with 1 0 ml of a 24 to 48 hour thioglycolate culture of the organism and 
incubated anaerobically at S?® The growth was harvested at 18 to 20 
hours, washed once with physiological sahne, and finally resuspended m 
salme 

The usual Thunberg technique was employed to detect hydrogen donors, 
and the Warburg techmque to determine COi, Hi, and acid production 
Oi'free Ni or Hi served as the gas phase when phosphate buffer was used m 
the expenments by the AVarburg method, and Ni contammg 5 per cent CO« 
when bicarbonate buffer was used When chemical analyses were to be 
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made for the end-products of metabohsm, 50 ml of washed, buffered suspen- 
sion containmg the substrate under study were placed m a 125 ml Erlen 
meyer flask which was equipped for deaeration with Oj-free Nj After 
incubation at 37° (several hours to several days), the suspension w'as acidi 
fled with 0 2 volume of 6 per cent metaphosphonc acid and the COj was 
collected by aeration in standard Ba(OH )2 solution, the amount of COj 
formed then bemg determmed by back titration of the excess baiyta ivith 
0 04 N HjSOi The suspension was then centrifuged and subsequent analy- 
ses were made on the protem-free supernatant fluid Ammonia was 
determmed according to Woods (4), fiimanc and succmic acids according to 
Krebs, Smyth, and Exans (5), and lactic acid according to Fnedemann and 
Graeser ( 6 ) save that the lactate was oxidized at 60° with 10 per cent 
063 ( 804)3 in normal H 2 SO 4 rather than at 100° wuth permanganate Volatile 
acids m steam distillates w ere tentatively identified by Diiclaux distillation, 
ether partition accoiding to Osbum and Werkman (7), and ether partition 
of the first 60 ml collected from Duclaux distillation Alcohol ivas deter 
mined by oxidation wuth standard dichromate and titration of the excess 
dichromate with thiosulfate Histidine and its derivatives were separated 
and determined according to Koessler and Hanke ( 8 ) 

Results 

Since Clifton’s (3) studies did not include expeiimenis by the Thunberg 
piocedure on individual ammo acids, eighteen of these were tested, methyl 
ene blue bemg used as the hydrogen acceptor (Table I) No significant 
qualitative differences, m respect to dehydrogenases for the substrates 
tested, w'ere observed among the foiii strains Glutamic acid and threonine 
appeared to serve most readily as H donors, while serine and histidine 
reduced methylene blue somewhat moie slowly, and methionine was the 
weakest H donor of those amino acids which were attacked Of the non 
ammo compounds tested, only succinic acid failed to reduce methjiene 
blue Malic and lactic acids were lapidly oxidized by methylene blue in 
the presence of Clastndiwn telam, although Clifton (3) failed to obtain 
evidence that these compounds are decarboxylated in the absence of an 
H acceptor How ever, the possibility that malic acid might be decarboxj 
lated slow ly was further investigated , 

Experiments earned out accoidmg to the Warburg procedure, "i 
washed suspensions m phosphate buffer, of relatix ely long duration (4 louts 
mdicated that mahe acid wms slowly decaiboxylated, the Qo, being a ou 
Similar experiments with bicarbonate buffer showed a decrease of 3 e mm 
of bound CO 2 , thus mdicating a slow production of acid Addibon 0 
per cent methj lene blue to the \ essels did not increase khe rate of ecar ox 

lation of the malic acid m. macro 

The fermentation of malic acid w'as studied m more detail m se 
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expenmcnts, 50 ml of WTslicd, buffered suspension being incubated for 6 to 
S daj s at 37° in the iircscnce of 1 mM of sodium malate The results ob- 
tamcd from a (jpicnl e\iicriment are summanzed m Table II No cor- 
rections Mere made for the traces of compounds found m the control 
suspensions 


Table I 

Dehydrogenation of Various Substrates by Clostridium tetani 
The relative rates arc gnen b\ (+++) = rapid reduction to (— ) = no reduction 
of the inethjlcnc blue 


Substrate 

StraiD 

Albany 

Tulloch II 

Tulloch m 

Toronto 

dl Alanine 





_ 

d Arginine 

— 

— 

— 

— 

dl Aspartic acid 

_j — 

H — h 

-t-+ 

++ 

d Glutamic " 

+++ 

+++ 

+++ 

+++ 

Gb cine 

— 

— 

— 

— 

1 Histidine 


+ 

++ 

-| — 

dl Leucine 

— 

— 

— 

— 

dl Isoleucinc 

- 

- 

- 

- 

dl I j sine 

— 

— 

— 

— 

dl Methionine 

-1- 

+ 

++ 

+ 

dl Phenylalanine 

— 


- 

- 

1 Proline 

— 

— 

— 

_ 

1 Hydroxj proline 

_ 

- 

- 

- 

dl Serine 

++ 

++ 

++ 

+++ 

dl Threonine 

+++ 

+++ 

+++ 

+++ 

1 Tryptophane 

- 

- 

- 

- 

1 Tyrosine 

— 


— 


dl Valine 

— 

— 

_ 

— 

Glucose 



++ 


Glycerol 



++-t- 


I actic acid 

+++ 

+++ 

+-I-+ 

+++ 

Malic “ 

+++ 

-f-++ 

+++ 

++-1- 

Succinic acid 

— 

— 

— 

— 


Determmations of lactic, formic, fumanc, and mahe acids made on ether 
extracts of the fermentation mixtures mdicated that only the latter acid 
was present Mahc acid was determmed manometncally by oxidation 
with 5 per cent cenc sulfate in 0 5 n H2SO4, 2 moles of CO2 bemg formed 
per mole of malate Lactate and oxalacetate are also oxidized by cenc 
sulfate, hence these compounds, if present, must be determmed separately 
by more specific methods and the manometnc lesults corrected accordingly 
Formic acid was also determmed manometncally by oxidation with 0 5 m 
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mercuric acetate m 0 1 n HCl Acetone (10) and oxalacetate (11) were 
also sought but not found 

The ratio, succuuc acid formed to mahc acid fermented, was near 0 5 in 
all experiments, while the ratios for COj and volatile acids mcreased some 
what with prolonged mcubation of the suspensions Vanable, although 
always small, amounts of alcohols were found, and no attempt was made at 
then identification 

Attention was next directed toward further studies on the utihzation of 
histidine by washed suspensions of Closlndtum tetani This amino acid, it 
Mill be lecalled, was found by Feeney et al (2) to be among those required 
for grondh of this organism in a synthetic medium 

Histidine was fermented with rupture of the imidazole nucleus, the end 
products bemg NHa, COj, and volatile acids (87 per cent acetic, 13 per cent 


Tabi.e II 

Fcrmcnlahon of Sodium Malate hy IFas/ied Suspensions of Clostridium tetani 
{TuUoch III Strain) 



j Product 

Malic 1 
acid 

COj 

Acetic 

acid 

Butync ' 
acid 

Sucanic' 

and 

Alcohol* 

Total 

Theory 

lound mg 

40 1 ' 

25 5 

17 7 

4 3 

39 2 

3 4 


134 1 

yield, moles per 100 moles 









fermented 

! 1 

82 8 

42 0 


47 4 

lED 



yield, mg pei mu fermented 


36 4 

25 2 

[62 

56 0 

1 8 

128 0 

134 1 

C,mg per mu fermented \ 

j 1 

1 0 9 

10 1 

3 4 

^ 22 8 

; 25 

48 7 


H, '• ‘ - 1 


1 

1 7 

EO 

2 8 

KO 

5 7 


0, 


26 5 

13 4 

2 2 

30 4 

1 7 

74 2 

(iO 0 

Available H (Barker (9)) 







12 7 

12 0 


* Reported as ethjl alcohol 


butyric) A trace of alcohol was also found but was not identified Neither 
production nor consumption of hydrogen was observed m experiments done 
by the Warburg method with phosphate buffer and H« oi N. as the gas 
phase The optimal pH for both deammation and decarboxylation was 
studied ovei the range pH 5 8 to 8 1 The results (Fig 1) were sunilar to 
those lepoited by Gale (12) for Pseudomonas aeruginosa and a paracolon 
bacillus in that decarboxylation proceeded most rapidly in a slightly aci 
medium, whereas deamination proceeded slowly below pH C but increase 
rapidly in more alkalme media to reach a maximum at about pH 7 5 
Other end-products of fermentation than those reported above were a o 
sought 1 mxi of histidine -was added to duplicate suspensions an a 
latter meubated for 24 hours at 37° An ahquot of each suspenjOT 
then analyzed for imidazole denvatives according to Koessler an an 
(8) Tjqucal results are presented m Table HI 
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Neither methj hmidazolc noi lustaminc «ns found, wheieas the ammonia 
plus the histidine fraction (calculated as histidine) accounted for all the 



Fir 1 Qr,Hiaml 0cO)Cur\cs obtained from the fermentation of 2 ml of 0 01 n 
histidine hN Hashed suspensions of Ctoslndium letani 

Table III 

f ermcntalton of Histidine by Washed Suspensions of Cl ostridium lelani 

J Product 



dine 

NH* 

CO 

' Acetic 
acid 

Butyric 

acid 

Alcohol 

j Total 

Theory 

Found, mg 

Tiield, motes per mole 

40 3 

1 ; 

36 a 

1 

22 1 

, 

1 j 

i 

1 93 8 

20 2 

Trace 

1 i 

1 

1 I 

1 

fermented 

Yield, mg per mu fer 


2 93 

0 68 1 

j 

2 11 

0 31 


j j 

i i 

233 7 

231 

menled 


49 8 

29 9 

126 7 

27 3 


C,mg per msi fermented 


1 

8 2 

60 7 

14 9 


j 73 8 ! 

72 

H, •< '< '■ 


8 8 


8 4 

2 5 

1 

! 19 7 j 

18 

0, “ “ “ 


t 

1 

21 7 

67 6 

9 9 

1 

' 99 2 

99 

N, “ “ “ “ 

1 

) 41 0 



1 


41 0 

42 

Available H 


t 

1 

\ 

1 

1 


31 9 

29 


* Corrections for additional water in the end products were calculated from the 
oxygen recovered, and corresponded to histidme + ^ 2HiO 


added nitrogen That the htstidine fraction contamed only this ammo 
acid, and no imidazolepropionic, imidazoleacetic, or imidazolelactic acid, 
"as confirmed by determination of ammo nitrogen by the Van Slyke 
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method Incubation of the suspensions for 48 rather than 24 hours ga\ e 
identical yields of ammonia, namely 2 2 rather than 3 0 mM, the theoretical 
yield for complete degradation of the histidme added, while slightly more 
CO 2 and less volatile acid were obtamed from the 48 hour suspensions The 
reason for this abrupt cessation in fermentation when only 73 to 75 per cent 
of the histidme had been decomposed was not mvestigated 

DISCUSSION 

It is apparent that the growth requirements of Closlndium telam in- 
clude ammo acids vhich, individually, are not readily attacked Of the 
seven ammo acids which are required for growth m a sjmthetic medium 
(1,2), only histidme is dehydrogenated by w'ashed suspensions of the organ 
ism On the other hand those ammo acids w'hich stimulate or mcrease the 
total growth are, with the exception of phenylalanine, readily dehydrogen 
ated Further study may disclose that phenylalanine also belongs in one 
of these two groups It may (1) partially replace or supplement tyrosine as 
an essential amino acid, or (2) be attacked slowly, even though experiments 
by the Thunberg procedure indicated that it is not readily dehydrogenated 
From the evidence now available one is led to conclude not only that Clos 
tndium tetam requires a number of preformed ammo acids for growth, but 
also that the majority of these ammo acids may be converted with little 
structural change mto cell substance The energy requirements, on the 
other hand, are not specific Glutamic acid m a casein hydrolysate medium, 
for example, is undoubtedly the chief source of energy but other compounds 
such as serme or pyruvic acid should serve equally well 

While the essential ammo acid, histidme, is fermented with rupture of the 
imidazole nucleus by washed suspensions of Clostridium tetam, it is unlikely 
that this occurs at a sigmficant rate w'hen other readily available energj 
yielding compounds are present, smee only a few^ micrograms per ml are 
required for growth m a completely synthetic medium It should be noted 
here, how'ever, that histidme appears to be a purme precursor m mammalian 
metabolism (13) The presence of an enzyme system for histidme in the 
tetanus bacillus may, therefore, be more than fortuitous, smee this ammo 
acid may be a precursor m the synthesis of nucleoprotem 

Malic and succmic acids were mcluded m this study because of their pos 
sible r61e as hydrogen earners Neither the presence of succmic dehydro 
genase nor an accumulation of oxalacetate could be demonstrated, however, 
hence it is unlikely that a C 4 -dicarboxyhc acid catalysis play's an imporfan 
part m the metabolism of this organism Furthermore the end pro uc s 
obtamed from the slow fermentation of malie acid do not support t e as 
sumption that malate is dismuted to succmic and oxalacetic aci s, wi 
subsequent degradation of the oxalacetate via pyruv ic acid 
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SOMMART 

1 Histidine, nictliionine, senne, threonine, and aspartic and glutamic 
acids were shown lobe dch 3 ’drogcnatcd by washed cells of Closlndiwn 
idam Ahnine, arginine, glycine, leucine, isoleucine, lysme, phenylala- 
nine, prohne, hjdro\iprohne, ti^ptophane, tyrosine, and valme were not 
dehjdrogenatcd under comparable experimental conditions 

2 Histidine is fermented bj' washed suspensions of this orgamsm with 
rupture of the imidarole nucleus, the chief end-products bemg carbon 
dioxide, ammonia, and acetic and butync acids 

3 hlahc acid is slowly fermented to carbon dioxide, alcohol, and acetic, 
but} nc, and succinic acids 

The author is indebted to Dr C E Clifton for suggestions and cnticism 
m the preparation of this manuscript 
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method Incubation of the suspensions for 48 rather than 24 hours ga\ e 
identical yields of ammonia, namely 2 2 rather than 3 0 mAi, the theoretical 
yield for complete degradation of the histidme added, while slightly more 
CO 2 and less volatile acid were obtamed from the 48 hour suspensions The 
reason for this abrupt cessation in fermentation when only 73 to 75 per cent 
of the histidme had been decomposed was not mvestigated 

DISCUSSION 

It IS apparent that the growth requirements of Closlndium telani in- 
clude ammo acids vhich, individually, are not readily attacked Of the 
seven ammo acids which are required for growth m a sjmthetic medium 
(1,2), only histidme is dehydrogenated by w'ashed suspensions of the organ 
ism On the other hand those ammo acids w'hich stimulate or mcrease the 
total growth are, with the exception of phenylalanine, readily dehydrogen 
ated Further study may disclose that phenylalanine also belongs m one 
of these two groups It may (1) partially replace or supplement tyrosine as 
an essential ammo acid, or (2) be attacked slowly, even though experiments 
by the Thunberg procedure indicated that it is not readily dehydrogenated 
From the evidence now available one is led to conclude not only that Clos 
indium tetam requires a number of preformed ammo acids for growth, but 
also that the majority of these ammo acids may be converted wnth little 
structural change mto cell substance The energy requirements, on the 
other hand, are not specific Glutamic acid m a casein hydrolysate medium, 
for example, is undoubtedly the chief source of energy but other compounds 
such as serme or pyruvic acid should serve equally well 

While the essential ammo acid, histidme, is fermented with rupture of the 
imidazole nucleus by washed suspensions of Closlndium ictani, it is unlikely 
that this occurs at a sigmficant rate w'hen other readily available energj 
yielding compounds are present, smce only a few micrograms per ml are 
required for growth in a completely sjmthetic medium It should be noted 
here, how'ever, that histidme appears to be a purme precursor m mammalian 
metabolism (13) The presence of an enzyme system for histidme in the 
tetanus bacillus may, therefore, be more than fortuitous, smce this ammo 
acid may be a precursor m the synthesis of nucleoprotem 

Malic and succmic acids were mcluded m this study because of their pos 
sible r61e as hydrogen earners Neither the presence of succmic dehj ro 
genase nor an accumulation of oxalacetate could be demonstrated, however, 
hence it is unlikely that a Ci-dicarboxylic acid catalysis plaj's an impor an 
part m the metabolism of this organism Furthermore the end pro uc s 
obtamed from the slow fermentation of malic acid do not support t e as 
sumption that malate is dismuted to succmic and oxalacetic aci s, wa 
subsequent degradation of the oxalacetate via pyruv ic acid 
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to stind o\er sodnim amalgnm for 21 hours at room temperature The 
EUi)ematant liquid w as then filtered and neutralized to Congo red by the 
addition of dilute sulfuric acid A glistening white precipitate formed 
i\hich V ns collected, w ashed w ith cold water, and dried in vacuo 0 140 gm 
of phen^l hojstcine was obtained which decomposed at 170-172° 

C.lIiiOib’S Calculated C 6-1 80, H 5 62, N 7 10 
round *• 65 00, “ 6 75, “ 7 15 
Wn “ +11° (1% solution in 0 1 N sodium hjdroxide) 

Baumann and Preusse (7) obtained phcnjdcjsteme by the acid hydrolysis 
of phenj Imcrcaptunc acid Thej' stated that their product decomposed 
abote 1C0°, but they did not report its optical rotation 

l-PIicnylmcrcaptunc Acid 

Method I — The method used bj Ing, Bourne, and Young (8) for the 
sjmthesis of /-a-nnphthylmercaptunc acid was easily adapted to the S3mthe- 
sis of phenj Imercaptunc acid 

Z-Cj Sterne w as acctylatcd by the action of ketenc according to the method 
of Pine and Hcle (10) The product melted at 110° and had a specific 
rotation of [a]” = +G° for a 2 7 per cent solution m water 

1 8 gm of freshly distilled aniline were added to 2 5 ml of concentrated 
hj drochlonc acid The precipitated hydrochlonde was dissolved by add- 
ing 3 ml of water and warming the mixture A further 2 ml of concen- 
trated hj drochlonc acid w ere added to the hot solution The solution was 
then cooled quickly bj' the addition of 10 gm of ice and fine crystals of 
aniline hj'drochlonde precipitated A solution of 1 5 gm of sodium mtnte 
in 5 ml of w'ater was then added slowly with stirnng while the temperature 
of the mixture w'as kept at 0-5° When diazotization was complete, a 
saturated aqueous solution of 3 gm of sodium acetate was added to reduce 
the acidity of the solution The diazo solution was then added slowly, wuth 
stirrmg, to 2 9 gm of acetylcysteine dissolved m 27 ml of water A 
gummy, orange-colored product formed The mixture was warmed gently 
on a water bath for 15 minutes, allow'ed to cool slowly, and then filtered 
3 gm of an amorphous precipitate were obtamed 1 5 gm of this precipi- 
tate were suspended in 25 ml of water and 5 ml of ethanol Copper 
pow der w as then added and the mixture w as heated on a water bath until 
nitrogen was no longer evolved The mixture was then filtered and the 
residue was washed wuth boihng water The filtrate and washmgs were 
combmed, acidified bj' the addition of 3 ml of concentrated hydrochlonc 
acid, and extracted wuth three 50 ml portions of chloroform The chloro- 
form extracts were combined and when evaporated to diyness jaelded a 
residue of crude phenylmercaptunc acid The extracted aqueous solution 
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was also e\ aporated to drj-ness and from the residue a small amount of 
phen} Imercaptunc acid was obtamed A total ineld of 0 ISO gm of 
phenjlmercaptunc acid which mdted at 139-140° was obtained Ihs 
matenal i\as crjstallized three tunes from hot water, dissohed in narra 60 
per cent ethanol, and decolonzed with charcoal A cn-stallme residue of 
phenj Imercaptunc acid was obtamed by eiaporation of the alcoholic 
solution This product was dissoh ed m ethanol and precipitated b} the 
addition of water 0 120 gm of f-phenj Imercaptunc acid which melted at 
142° was obtamed 

CnHijOjNS Calculated C 55^1, H 5 47, K 5 S6 
Found “ 55 45, “ 5 57, “ 6 10 
Wn = —22° (15o solution in cthnnol) 

Method II — ^Phenj Imercaptunc acid «as prepared bj the acetilation of 
pheni 1-f-ci stemc The procedure used was a modification of that used hi 
du Yigneaud, "Wood, and Binklej (9) to acetilatep-bromophenjl-1-crsteme 

The phent W-c}'st€me used was prepared b\ Method I desenbed earlier 
m the present paper It decomposed at 170-172° and had a specific rotation 
of [alo =+ 1 1° for a 1 per cent solution m 0 1 n sodium hj dronde 0 IS9 

I of this matenal w as dissoh ed m J ml of ice-cold I s sodium h\ drovida 
ihe solution Mas immersed m an ice bath and 0 25 ml of acetic anhiilnde 
Mas added sIomU Math Mgorous stimng, folloMed by 2 ml of 1 n sodium 
h> droxide and mother 0 25 ml of acetic anln dncle The solution was 
stirred ngoroush for a further 5 mmutes and then made acid to Congo red 
b 3 the addition of sulfunc acid The solution became turbid and after 
standing for 24 hours m the refngerator the co'stnls Mhich had separated 
were collected and recrj stalhzed from aqueous ethanol 0 125 gm of 
f-phenjdmercaptunc acid, melting at 142°, was obtamed 

CiiHuOjNS Calculated C 55 21, H 5 47, > 5 S6 
Found “ 55 66, “ 5 63, “ 6 01 

Wn = —23° (1% solution in ethanol) 

Method III — Baumann and Preusse (7) prepared phenj Imercaptunc 
acid, m p 142-143°, bj the debrommation of p-bromophen\ Imercaptunc 
acid isolated from the unne of dogs Mhich had loeen dosed Mutli bromoben 
zene The preparation of phenj Imercaptunc acid In this method has now 
been repeated 

The p-bromophenylmercaptunc acid used m the axpenment desenW 
lieloM was sjmthesized bj the method of du Mgneaud, Wood, tmd Bm 
(9) It melted at 151-152° and had a specific rotation of [nlo ~ 
for a 1 per cent solution m 95 per cent ethanol 0 400 gm of the p-brom^ 
phenjlmei'captunc acid Mas dissohed m 20 ml of 0 5 \ sodium h^dro''^ 
and the solution Mas alloned to stand for 48 hours o\er freshh prepa 
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soduim amnlgnm The aupcmatanl solution uas then filtered, made acid 
to Congo red , and allow cil to stand o\ eniight m the refrigerator 0 210 gm 
of f-phenj Imercaptunc acid was obtained which melted at 142 5° 

Cull, ,0, NS Cnlculntcl, C 55 21, U 5 47, found, C 55 40, H 5 70 
lo]n “ —25° (1% solution in cthnnol) 

SUMMAU4 

1 PJienj l-/-c> stcinc Ins been i)ic|)nrctl hi tw o methods (a) by decompos- 
ing the product of the intcriction of dnzotizcd aniline and cuprous cysteine 
mercaptidc, and (h) bj the dcbromination of p bromophenyl-l-cjsteine with 
sodium amalgam 

2 Z-Phen3 Imercaptunc acid has been prepared bj' three methods (a) by 
decomposing the product of the mtcraction of diazotized anilme and acetyl- 
C3steine, (h) b3 the ncet3lation of phen3’l-l-cysteme, and (c) by the de- 
brommation of p bromophcnylmcrcaptunc acid wath sodium amalgam 

One of us (S H Z ) is indebted to the Bantmg Research Foundation for a 
personal grant 
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II THE rOrUMATION OE I PHENYUIERCAPTURIC ACID PROM PHENYL I 
CYSTEINE IN VIVO 

S H ZBARSIC^ aud LESLIE YOUNG 

(F Tom the Department of Biochemistry, University of Toronto, Toronto, Canada) 

(Reccncd for publication, August 30, 19-13) 

The fonnation of phcnylmercaptunc acid tn tnvo has not been demon- 
strated hitherto, although indications that this compound is excreted by 
animals after the admmistration of benzene have been reported (1-3) It 
has been shorni by Stckol (4) and b}' du Vigneaud, Wood, and Binkley (5) 
that p-bromophcnyl-Z-cysteme is converted to p-bromophenylmercaptunc 
acid by the rat and that the latter compound is excreted m the unne It 
therefore appeared that phenyl-bcysteine m a similar manner might undergo 
coniersion to phenylmercaptunc acid m the organism of the rat The 
occurrence of this change has now been established by the isolation of 
I-phenylmercaptunc acid from the unne of the rat follmvmg the mgestion of 
phenjl-1-mysteme 

EXPERIMENTAL 

The procedure by which phenylmercaptunc acid was isolated from rat 
unne W'as based on that used by Bourne and Young (6) for the isolation of 
ba-naphthylmercaptunc acid from the unne of rabbits to which naphtha- 
lene had been admmistered The unne was made acid to Congo red by the 
addition of hydrochloric acid and after several hours it was extracted wnth 
chloroform The chloroform extract was evaporated to dryness and the 
residue w as crystallized from aqueous ethanol The efficiency of this pro- 
cedure was tested in a senes of expenments m which it was apphed to 
samples of normal rat unne contammg added phenylmercaptunc acid 
These expenments showed that it was possible to isolate phenylmercaptunc 
acid from rat unne when as httle as 0 012 gm of the compound was present 
m 50 ml of urme 

Three separate expenments were performed in which i-phenyhnercapturic 
acid was isolated from the unne of rats which had mgested phenyl- 
J-cysteine One of these experiments is desenbed m detail below 

A male white rat w eighmg 240 gm was fed the stock colony diet* to which 
had been added 2 per cent by weight of phenyl-f-cysteme The phenyl-Z- 
cysteine used was S 3 mthesized by Method I described in the precedmg 

* Ground corn 50, dried milk 25, linseed meal 15, casein 3 5, alfalfa meal 1 5, calcium 
carbonate 0 5, sodium chlonde 0 6, yeast powder 2, and cod liver oil 2 parts 
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paper (7) It decomposed at 170-172° and had a specific rotation of 
(o ]” =+ 1 1° for a 1 per cent solution m 0 1 n sodium hydroxide In order 
to avoid contamination of the urme mth fallen food, the rat was fed ui a 
separate cage twice a day (morning and early evenmg) for periods each 
lasting 1 hour and the urine excreted dining these penods was discarded 
The animal had access to drinking n ater at all times Feedmg of the diet 
containmg phenyl-f-cysteme was continued for 3 days and during this 
period the rat ingested 0 6 gm of the compound The unne was collected 
during this period and for 2 days afterward 34 ml of urme were collected 
This v as acidified to Congo red by the addition of concentrated hvdrochlonc 
acid and centrifuged immediately to remove a feathery precipitate which 
formed Exammation of this precipitate failed to reveal the presence of 
phenylmercapturic acid The supernatant liquid was allowed to stand in 
the lefngeiatoi for 24 houm and was then extracted by shakmg with three 
50 ml portions of chlorofoim The emulsions which formed were broken 
by centnfugmg The combmed chloroform extracts were dried over anhj 
drous sodium sulfate, filtered, and the chloroform was removed by evapora 
tion The residue was dissolved m a few' ml of ethanol Dilution of this 
solution with watei resulted in the formation of crystals of impure phen)l 
mercaptunc acid The material w'eighed 0 228 gm and melted at 138-139° * 
It was dissolved in hot aqueous ethanol and the solution was decolorized 
with charcoal The filtered solution was concentrated and yielded 0 219 
gm of crystallme f-phenylmercaptunc acid which melted at 141-142 
The melting point was not depressed when the isolated compound ivas 
mixed w'lth synthetic 1-phenylmercaptunc acid, m p 142°, prepared by 
Method II desenbed in the preceding paper Analysis’ of the isolated 
compound j'lelded the followmg results 

C„n„0,NS Calculated C 55 21, H 5 47. N 6 86 
Found “ 55 31, " 6 53, “ 6 18 
Wn = —22° (1% solution m ethanol) 

In a similar experiment to that described above a male white rat mgested 
0 250 gm of phenyl-Z-cysteme and from the urme 0 088 gm of Z-phenylmer 
captunc acid, m p 142°, w as isolated In another expenment a male while 
i-at mgested 0 600 gm of phenyl-f-cysteme and 0 275 gm of f-phenylmer 
captunc acid, m p 142°, was isolated from the urme In the above exqien 
ments the amounts of phenylmercaptunc acid isolated from the urines were 
equivalent to 30, 29, and 38 per cent respectively of the phenyl I cysfenx! 
ingested 

• All melting points reported herein arc uncorrected 

* Microanalyses by Mr Michael Edson 
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SUMMAm 

f-Phcnj Imeiciplunc acid has been isolated from the unne of rats follow- 
ing the administration of phcnyl-2-c3’stcine in the diet 

One of us (S H Z ) is indebted to the Banting Research Foundation for 
a personal grant 
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FURTHER STUDIES ON ISOLATED CELL NUCLEI OF NORMAL 

RAT LIVER 

Br ALE\j\NDER L DOUNCE 

(F rom the Dcparlmcnl of Btochemislnjand Pharmacologn, School of Hcdicxnc and Denitsiry, 
The CintiCTSily of liochcslcr, Rochester, New York) 

(Received for publication, Julj 12, 1943) 

A method for prepanng nuclei of the cells of normal rat liver at pH 6 0 
to G 2 already has been published (1) together with an account of si\ 
important cnz 3 Tnes found to be present in these nuclei m relatively high 
concentiation The principal objects of the present paper are twofold 
The first is to compare nuclei isolated from cells of normal rat liver at 
pH G 0 to 6 2 (1) with nuclei isolated at a lover pH range of 3 8 to 4 0, in 
regard to total lipid content and desoxyribonucleic acid content 
The second object of the paper is to show that, in isolated cell nuclei 
prepared by certam methods, the nucleic acid can exist either in a loosely 
combmed, easily extractable state, or that, in nuclei prepared under dif- 
ferent conditions, it may exist in a more firmlj bound, largely unextiact- 
able state relative to mild extraction procedures This already has been 
reported bnefly (2) As has been stated previously, punfied nucleic acid 
obtained by a mild extraction procedure from nuclei of rat liver cells pre 
pared at pH 6 0 to 6 2 is in a polymerized state 
The purpose of companng nuclei isolated at pH 6 0 to 6 2 with nuclei 
isolated at pH 3 8 to 4 0 is to attempt to estabhsh whether appreciable 
material has been extracted from the nuclei prepared at the higher pH 
range during the procedure for their isolation For reasons which will be 
taken up in the discussion, ve believe that all of the major constituents of 
high molecular v eight of nuclei prepared at pH 3 8 to 4 0 are retamed by 
the nuclei dunng the process of isolation, although protein of high molecu- 
lar weight IS largely denatured These constituents of high molecular 
Weight comprise nucleohistone, ordinary protein, and hpid 
If ordinary protein should be extracted from nuclei prepared at pH G 0 
to 6 2, it would follow that at least some of the enzymes also would be 
partially extracted, resulting m a lowered enzyme activity of the nuclei 
It will be showm that in all probabihty some protem may m fact be ex- 
tracted from nuclei prepared at the higher pH range, and that therefore 
the measured enz 3 Tne concentrations of nuclei isolated at this pH range 
may be somewhat lower than the true concentrations of the enzymes as 
they exist m the livmg cell 

Dunng the course of the work on nucleic acid, it was found desirable to 
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compare fractions contaimng nucleic acid and protein extracted from nuclei 
prepared at pH 6 0 to 6 2 mth corresponding fractions obtamed from nuclei 
prepared at pH 3 8 to 4 0, particularly m regard to absorption spectra 
Histone fractions also nere prepared from nuclei isolated at pH 6 0 to 6 2 
and at pH 3 8 to 4 0, and the absorption spectrum of one of these fractions 
m the ultraviolet region nas determined All of the absorption spectra 
included m this paper, as veil as many others not mcluded, vere deter 
mined by Dr L T Steadman of the Department of Radiology 

In regard to extractable nucleoprotem fractions prepared from the nuclei, 
it should be stated that these fractions m all probability consist of nucleic 
acid combmed loosely with histone, together with varying amounts of 
ordmaiy protein nhich is not combmed ivith the nucleic acid According 
to the most recent work published (3, 4), purified nucleoprotem from cell 
nuclei consists of nucleohistone The nucleoprotem of nuclei thus is dis 
tinctly different in tj'pe from the firmly bound protem-nbose nucleic acid 
combmations nhich comprise some of the isolated viruses (5, 6) and the 
fine cjdoplasmic granules of animal cells (7) 

In addition to experimental work beanng on the two chief objects of the 
paper, some additional experiments are reported concemmg a search for 
glycogen and a further search for cytochrome c in nuclei of rat liver cells 

EXPERIMENTAL 

Preparation oj Cell Nuclei of Rat Liver at pH 8 8 to 4 0 — A mixture of 
roughly equal parts of crushed ice and distilled water contaimng 20 cc of 
molar citnc acid is made up to a volume of 500 cc and is placed m a Wanng 
blender or other suitable high speed mixer 100 gm of frozen rat hier 
are now added m small pieces as rapidly as possible without stalling the 
blendor The blendor is run until the ice has melted, care bemg taken to 
break up at once any mass of crushed ice which forms at the top of the 
suspension while it is being mixed 'When the ice has all melted, the mixer 
IS stopped and the nuclei are isolated m the way already described for 
the preparation of cell nuclei of rat hver at pH 6 0 to 6 2 (1) There 
is one mmor pomt of deviation from the procedure for nuclei isolated at 
pH 6 0 to 6 2, however After the nuclei liberated at pH 3 8 to 4 0 haic 
been washed once or tmee, the pH tends to nse above 4 0 and the nuc ci 
then agglutmate, makmg further nashmg useless To prevent this agg n 
tmation, the pH should be mamtamed at 3 8 to 4 0 by the addition o a 
few drops of molar citnc and as needed There will be very little ti^ e 
with loosely packed sediment, and for this reason the nuclei prepa a 
pH 3 8 to 4 0 may require less washmg than nuclei prepared at p 
to 6 2 Fig 1 show s an average preparation of these nuclei 

Preparation of Cell Nuclei of Rat Liver at pH 60 to 6£ ^The me 
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employed hns alrcuh been dcscnbccl, and a photograph of these nuclei 
has been published (1) 

Preparahon of Nuckt of Chicken Brijthrocylcs—Tlm method of Bounce 
and Lan (8) was employed, saponin being used to lake the cells m 0 85 per 
cent sodium chloride solution A photograph of these nuclei ivill appear 
elsewhere 

Analysts of Isolated Nuclei for Total Dcsoxynbomicletc Acid — The nuclei 
were well suspended m water and an aliquot of 0 5 or 1 0 cc of the suspen- 
sion was dried in the oven at 100“ for the determination of dry weight 
For the determination of nucleic acid, the Dische reaction (9) as employed 
bj Seibert (10) was used The reagent is prepared by dissolvmg 2 75 gm 
of concentrated sulfunc acid and 1 0 gm of diphenylamme m 100 cc of 
glacial acetic acid The blank reagent is made by dissolvmg 2 75 gm of 



Fiq 1 Nuclei isolated from rat liver cells (W istar) at pH 3 8 to 4 0 X 720 

sulfunc acid m 100 cc of glacial acetic acid, but the diphenylamme is 
omitted 

0 5 cc of the suspension of nuclei was added to each of two test-tubes 
To one of the test-tubes 1 0 cc of the Dische reagent was then added and 
to the other 1 0 cc of the blank reagent was added The tubes were 
immediately immersed m boilmg water and W'ere left there for 10 mmutes 
They were then cooled under tap water and to the tube contammg the 
Dische reagent 8 5 cc of the blank reagent were added To the tube con- 
taining the blank reagent were added 1 0 cc of the Dische reagent and 
7 5 cc of the blank reagent, so that the total volume of hquid m both 
tubes was now 10 cc The contents of both test-tubes were transferred 
to centrifuge tubes and were centnfuged for 10 mmutes at high speed to 
remove a precipitate which formed upon dilution wuth the blank reagent 
After centnfugmg, the supernatant solutions were read m the photoeleotnc 
colorimeter at once, and the blank was subtracted from the unknowm 
The total length of tune elapsmg between the time the tubes are placed 
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in the centrifuge and the tune at which the colonmeter readings are taken 
should be kept constant and as short as possible, since the color increases 
on standing 

Fig 2 shows a curve made by plotting the concentration of sodium 
desoxynbonucleate prepared accordmg to Hammarsten (11) against the 
correspondmg colonmeter readmgs from which the blank readings have 
been subtracted The concentration of nucleic acid may be obtained by 
multipljung the concentration of the sodium salt by 0 944 

After the concentration of an unknown has been determined by means of 
this curve, if one wishes to improve the accuracy, the determmation may 
be repeated, this tune runnmg together mth the unknoivn a standard solu 
tion of the same strength as has been calculated for the strength of the 



Fio 2 Curve show mg the mg of sodium desoxynbonucleate (ordinate) plotted against 

the colorimeter reading (abscissa), the blank being subtracted lOett-Sumniersonphoto- 
electnc colonmeter, No 54 filter The sodium desoxynbonucleate used in plotting the 
curve was about 86 per cent pure The curve is not corrected for this impuriti 


unknown by use of the curve Smee exactly the same conditions are 
apphed to both unknoivn and standard, any error caused by slight differ 
ences m conditions should be compensated The concentration of the 
unknown is now calculated again, the foUoivmg equation being used 

, , concentration of standard _ j 

Concentration of unknown = ; ; x — x — N reading tor iin i 

reading tor standara 

Usually this value is not far removed from the first value obtamed by using 
the standard curve 

Spectroscopic analysis of our standard sodium desoxynbonucleate pre 
pared accordmg to the method of Hammarsten mdicated the 
some impurity For this reason, phosphorus analyses were ma e a 

1 We are indebted to Dr R F RiJey of this department for carrying out the phosphorus 

determinations 
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(he percentage of phosphorus found was compared mth the percentage of 
phosphorus calculated for a tctranucleotide molecule containing two punne 
and two pj'nmidmc components Tlic results of the analysis gave an 
n\ erage value of 8 0 per cent for phosphorus, w'hile the theoretical value 
is 9 25 per cent Tins indicated that the standard w'as about 86 per cent 
pure, and hence all figures for nucleic acid were multiphed by 0 86 to cor- 
rect for the impunt> of the standard 

Analysts of Nuclei for Total Lipid — ^The total lipid was extracted from 
samples of dned nuclei in a small Sovhlet extractor with a solvent mixture 
consisting of 25 per cent ether and 75 per cent alcohol The solvent was 
e^aporatcd and the lipid residue was determmed by direct weighmg, smee 
prehmmarj expenments had demonstrated that it was entirely soluble m 
petroleum ether and therefore could not haxe contamed appreciable non- 
lipid material Further extraction of the nuclei with a chloroform- 
methanol muxturc did not remove any more hpid 

The samples of nuclei for total lipid analysis were dned either by lyo- 
phihzmg or bj heatmg m an oven at 100° Both methods appeared to be 
satisfactorj The nuclei of chicken eiythrocytes were first precipitated 
by addmg dilute acetic acid until the pH was about 3 5, and then were 
washed at this pH with very dilute acetic acid to remove sodium chlonde 
before being dned 

Procedure for Exlracling Nucleic Acid and Protein from Cell N uclei of 
Rat Liver Prepared at pH 3 8 to 40 or at pH 6 0 to <7^— The water suspen- 
sion of nuclei IS centrifuged and the nuclei are washed three or four times 
with Rmger’s phosphate solution at pH 7 4 By this procedure httle if 
any nucleic acid is removed, but considerable protem is extracted from 
nuclei prepared at pH 6 0 to 6 2 From nuclei prepared at pH 3 8 to 4 0, 
only a x'ery small amount of protem is removed, probably because the 
protein previously has been denatured at the low pH employed m the 
preparation of these nuclei 

Next the nuclei aie extracted two or three times wnth small portions of 
5 per cent sodium chlonde solution The centrifuge with high speed 
attachment must be used to centnfuge dowm the residue from nuclei pre- 
pared at pH 6 0 to 6 2, at a speed of 12,000 to 15,000 r p sr 

The combined 5 per cent sodium chlonde extracts from nuclei prepared 
at pH 6 0 to 6 2 contain practically all of the nucleic acid, together ivith 
protein From nuclei prepared at pH 3 8 to 4 0, only a fraction of the 
nucleic acid is extracted, which is in the neighborhood of 10 per cent of 
the total amount present 

The ultraviolet absorption spectrum of the “nucleoprotem” fraction ex- 
tracted with 5 per cent sodium chlonde solution from cell nuclei of rat 
liver prepared at pH 6 0 to 6 2 is shown m Fig 3 Analysis of this fraction 
for desoxynbonucleic acid gave a value of about 17 per cent nucleic acid 
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lutrogeB based on total nitrogen The spectrum of the corresponding 
fraction obtamed from the nuclei prepared at pH 3 8 to 4 0 also is shown 
in Fig 3 Analysis of this fraction gave a value for deso\yriboniicleic acid 
nitrogen of about 10 per cent based on total nitrogen Total mtrogen 
vas determmed by the Kjeldabl procedure, and the nucleic acid nitrogen 
uas calculated from total nucleic acid determmed by the Dische reaction 
Folloumg the extraction vuth sodium chloride, a very small amount of 
protein and nucleic acid can be removed fiom the residue from nuclei 
prepared at either pH 3 8 to 4 0 or pH 6 0 to 6 2 by uashmg once or twice 
with 01 m phosphate buffer of pH 7 5 to 7 6 The residue from nude. 

ICO 

80 


U 


20 


•m|i 

Fig 3 The top curve represents the absorption spectrum of the nucleoprotcin fraction 
soluble in 5 per cent sodium chloride from cell nuclei of rat liver isolated at pH 6 0 to 65, 
the middle curve, the absorption spectrum of the nuclcoprotein fraction soluble in 5 per 
cent sodium chlonde from cell nuclei of rat liver isolated at pH 3 8 to 4 0, the bottom 
curve, the absorption spectrum of the histone fraction at pH 4 0 prepared from cell nuclei 
of rat liver isolated at pH 6 0 to 6 2 ■= (logio/o/f) X 1/cX l/d,whereci8thecon 

centration in per cent and d is the path length in cm 

prepared at pH 6 0 to 6 2 must be centrifuged m the centrifuge with high 
speed attachment, as before 

The finaJ residue obtained after washing with phosphate buffer of pH 
7 4m the case of nuclei prepared at pH 6 0 to 6 2 contains protein and hpid 
Apparently it consists of nuclear membranes together wth insoluble mate 
rial from the interior of the nuclei 

The final residue obtamed from nuclei prepared at pH 3 8 to 4 0 contains 
protem, bpid, and nucleic acid If this residue is washed two or t kc 
times ivith distilled water, and then if distilled water is added and t e p 
is adjusted to 8 0 to 8 5 by the addition of ammoma, a gel is forme w ic 
persists in high dilution A similar gel is formed by 5 

nuclei prepared at pH 3 8 to 4 0 with dilute ammonia at pH 80 to 





\ L DOUNCE 


227 


Neither the residue from nuclei prepared at pH 6 0 to 6 2 nor the nuclei 
themsches will form such a gel Since the nuclei prepared at pH 3 8 to 
4 0 retain much of their nucleic acid m a firmly bound condition up to the 
point at which the gel is formed, it appears likely that the piesence of 
firmly bound nucleic acid is nccessai^'- for the formation of the gel An 
apparently similar gel formed by addmg ammonia to extracted liver tissue 
has been reported b} Bcnslc}' and Hoerr (12) 

AUemate Procedure for Rcmoial of Protein and Soluble Nucleic Acid from 
Nuclei Prepared at pH SS to 4 0 — One adjusts the pH of a moderately 
concentrated suspension of cell nuclei of rat liver, prepared at pH 3 8 to 
4 0, to pH 7 5 bj the addition of a small amount of disodium phos- 
phate or sodium bicarbonate solution The nuclei swell and a certain 
amount of protem is dissolved The nuclei are centrifuged and are ex- 
tracted two or three times more at pH 7 5 to 7 6 with 0 5 per cent sodium 
chlonde solution The addition of the sodium chlonde controls the swell- 
ing of the nuclei The combined extracts are brought to pH 4 0 to 4 5 
bj the addition of molar acetic acid, and the precipitate, which consists 
of nucleic acid and piotein, is centrifuged This precipitate is entirely 
soluble in dilute disodium phosphate or sodium bicarbonate at pH 7 5 to 
7 6, but it IS only partially soluble in 5 or 10 per cent sodium chloride 
solution 

Most of the nucleic acid, together with some protem, can be extracted 
from this precipitate w ith 5 or 10 per cent sodium chlonde solution The 
material insoluble in sodium chlonde contains a very small amount of 
nucleoprotein soluble m dilute sodium carbonate or phosphate at pH 7 5, 
and a fraction that is soluble at pH 2 to 3, which may be histone The 
remamder of the precipitate is insoluble imder mild conditions and appears 
to consist of denatured protem 

The residue of somewhat swollen nuclei, after being washed once or 
twace with distilled water, gives a gel at pH 8 0 to 8 5 m the presence of 
ammoma, which contains protem, lipid, and nucleic acid, and which is 
similar to or identical with the gel already described 

This alternate procedure for the separation of protem fractions has been 
applied to cell nuclei of Walkei Carcmosarcoma 25ti, prepared at pH 3 0 
with 1 5 per cent citric acid, but the results were not different from those 
desenbed for nuclei of cells of normal rat hver 

Preparation of Hi&tone Fraction from Isolated Cell Nuclei of Rat Liver 
Nuclei isolated either at pH 6 0 to 6 2 or at pH 3 8 to 4 0 may be used in 
preparmg this fraction The nuclei aie lyop^hzed and then are extracted 
two or three times with small volumes of 0 1 n HCl The residue is re- 
moved by filtration or centrifugation, and the combmed filtrates or super- 
natants are adjusted to a pH value near 5 0 Then 3 volumes of alcohol 
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are added and the material is placed m the ice box until the precipitated 
histone flocculates The flocculated precipitate then is centnfuged down 
and IS dissolved by addmg a small amount of water and just sufficient 
0 1 N HCI to cause the precipitate to pass mto solution Any trace of 
precipitate that remams undissolved is removed by high speed centnfuga 
tion The histone may be reprecipitated by alcohol if desired 

The histone fraction thus prepared is soluble in dilute HCI, but if the 
pH IS raised sufficiently by the addition of 0 1 n HaOH, it will precipitate 
Near pH 8 0 it is still soluble, although slightly opalescent The matenal 
IS easily salted-out ivith sodium chlonde 

The absorption spectrum at pH 4 0 of the histone fraction prepared from 
nuclei isolated at pH 6 0 to 6 2 is shown in Fig 3 

Search for Glycogen in Isolated Nuclei — Tw o preparations of nuclei of 
cells of normal rat hver prepared at pH 3 8 to 4 0 and one preparation 
isolated at pH 6 0 were examined for glycogen content The nuclei were 
centnfuged dowui from a water suspension and then were made mto a paste 
by the addition of a small amount of distilled water Sand was added to 
this paste and the mixture w'as ground m a mortar until microscopic 
exammation showed that the nuclei had been reduced to fine particles 
A 5 per cent tnchloroacetic acid solution was then used to extract the 
ground nuclei, care bemg taken to use small amounts, so that a concen 
trated extract would be obtained It was ongmally mtended to make 
quantitative determinations of the glycogen precipitable by alcohol from 
the tnchloroacetic acid extract, but, upon addition of 2 volumes of 95 per 
cent alcohol to the extract, no visible precipitate appeared, so that it was 
impossible to proceed further All three of the preparations of nuclei gaie 
the same negative results 

It IS improbable that a matenal with as high a molecular weight as 
glycogen should be entirely extracted from the nuclei dunng then isolation, 
while much or most of the ordmaiy protem should remam, as it does It 
might be argued that enzyme action would rapidly destroy the glycogen 
m nuclei isolated at pH 6 0, but this would not be likely to occur m nuclei 
isolated at pH 3 8 to 4 0 Furthermore, very fresh preparations of nuclei 
were used, and m each case glycogen was readily isolated from the ongina 
cytoplasmic fractions after the nuclei were centnfuged doivn 

Therefore we have concluded that glycogen is very low or absent in t e 
cell nuclei of normal rat liver 

Further Search for Cytochrome c in Nuclei Isolated from Rat Liver e s 
at pH 60 to 6 S — In the previous paper on isolated cell nuclei of rat iver 
(1), it was stated that cytochrome c was absent from these nuclei, since 
spectroscopic evidence for its presence was not found, and since it wm 
necessary to add cytochrome c to the nuclei m order to obtam apprecia 
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CJ todirome oxidase activity Recently we have found that, if fresh prepa- 
rations of cell nuclei of rat liver arc extracted with a small amount of 5 
per cent NaCl buffered to about pH 7 5 ivith phosphate, it is possible to 
demonstrate a small concentration of cytochrome c in the filtered extract 
A \ erj small quantity of solid NajSjOj v as added to such an extract pre- 
pared from fresh nuclei, and the solution was exammed spectroscopically 
with a small pocket spectroscope havmg a scale The small instrument 
was used to obtam a concentrated spectrum The a-lme of cytochrome c 
could be seen superimposed on the side of the faint hemoglobin band which 
IS tow ard the violet end of the spectrum The /3-band was barely visible 

In order to identify the bands, a known sample of cytochrome c was 
diluted until the bands were approximately of the same intensity as those 
produced by the extract of nuclei, and then the location of both sets of 
bands on the scale of the instrument was observed Corresponding bands 
of the known cytochrome c sample and of the extract of nuclei fell on exactly 
the same scale readmgs 

Therefore w e wash to correct the previous statement that cytochrome c 
is absent from nuclei isolated from the cells of normal rat liver at pH 6 0 
to 6 2, and to state instead that it is present but in low concentration 
The principal reason for our failure to detect the cytochrome c before was 
that we did not add NajS 0< to obtam the spectrum of reduced cytochrome 
c w hich IS much easier to detect than that of the oxidized material Cyto- 
chrome c in the isolated nuclei is m the oxidized state The concentration 
of this substance m the nuclei appears to be so low that it would be diffi- 
cult to decide whether it actually belongs there or is merely adsorbed 
dunng the preparation of the nuclei, as hemoglobin appears to be (1) 

Attempted Fractionation of Nuclei of Bird Erythrocytes — AH attempts to 
prepare fractions of soluble nucleoprotem from nuclei of bird erythrocytes 
so far have failed The nuclei form a gel in 5 or 10 per cent sodium chlonde 
solution, saturated sodium chlonde (13), or in alkaline buffer In distilled 
water, they agglutmate and form a single mass of matenal which gives a 
gel on attempts to extract it m neutral oi alkahne solutions It seems 
likely that anythmg w hich completely destroys the tenuous stroma, stable 
in 0 85 per cent sodium chlonde solution at pH 7 0, mil favor agglutination 
if the nuclei are agitated or centnfuged 

It IS not likely that appreciable protein is extracted from the nuclei of 
chicken erj^throcytes by the 0 85 per cent sodium chlonde solution used 
in prepanng them, since the second w^ashing of the nuclei wuth this solution 
IS almost protem-free Moreover, the nuclei do not appear to shnnk during 
treatment with 0 85 pei cent saline, as do nuclei of rat liver cells when they 
are treated with Ringer’s phosphate solution, which extracts protein 
from them 
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DISCUSSION 

It appears probable that little material of high molecular weight is lost 
from the nuclei isolated at pH 3 8 to 4 0 Protein of high molecular n eight 
IS undoubtedly denatured and thereby rendered insoluble, and nucleo 
histone must be quite insoluble at this pH range, which is very close to 
pH values usually reported for isoelectnc points of nucleohistone (14) 
There is no reason why appreciable lipid should be removed from mtact 
nuclei piepared at pH 3 8 to 4 0 Glycogen has been shown to be low or 
absent in nuclei of rat liver cells Therefore it seems reasonable to use 

Table I 

Perccnlagc of Total Ltpid and Desoxyribonuclctc Actd in Cell Nuclei of Rat Liver 
Each figure for desoxyribonucleic acid represents an average of tw o or more deter 
minations on a given preparation of nuclei, and each figure for total lipid represents a 
single determination on a given preparation of nuclei From ten to fifteen rat livers 
were used in making a given preparation of nuclei 



Nuclei of normal rat liver 


pH 3 8-4 0 

pH 6 0-6 2 

Deso\> ribonucleic ncid 

22 6* 

12 8* 


20 2* 

20 2* 


23 9* 

18 8t 

1 

22 4t 

16 2t 


19 7t 


Lipid 

3 2* 

7 5* 


3 2* 

10 7tt 


6 Of 

10 8tt 


6 Of 



6 3t 



7 2t 



* Rats of the Osborne Mendel strain were used 
t Rats of the Wistar strain w'ero used 
t Values previously reported (1) 


the analytical values for hpid and desoxyribonucleic acid obtained for 
nuclei piepared at pH 3 8 to 4 0 as standard values with which to chmparc 
the correspondmg values found for nuclei prepared at other pH values or 
by other methods 

Nuclei prepared at pH values much below 3 0 imdoubtedly lose much or 
all of then: histone content, as will be demonstrated elsew'here, and so wall 
give high 1 alues for lipid and nucleic acid On the other hand, as may be 
seen from the figures m Table I, nuclei isolated at pH 6 0 to 6 2 appear to 
lose some nucleic acid, and therefore give somewhat high values for total 
lipid content The amount of nucleic acid lost appears to be somewhat 
1 ariable, as can be seen from Table I, and prelmunary observations not 
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included in the tnblc indicnto that the nuclei which ha've lost the greatest 
amount of nucleic acid show the highest values for total lipid It appears 
probable that nuclei stirred in llic Wanng blendor so long that they become 
broken arc those which lose relatively large amounts of nucleic acid 

It seems unlikely that nuclei should lose nucleic acid without also losing 
some protein, and therefore some their enzinne content For this reason 
it IS possible tliat some of the values repoitcd for the concentrations of 
certain enzjTnes of the isolated nuclei (1) may actually be lower than the 
true concentrations of these enzymes in the nuclei as they exist in the living 
cell Howeicr we do not wash to apply this reasoning to the enz 3 anes 
catalase and succinic dehj'drogenase, which were found to be absent or 
present only in traces There seems to be no reason why these enzjanes 
should be almost quantitatu ely removed from nuclei, while the other 
enzjanes inaestigatcd should remam m relatively high concentrations 
These two enzjanes probably are lacking in the nuclei as they evist in the 
living cell 

In connection with the lipid analj'ses, it is of mterest to note that the 
total hpid content of nuclei of liver cells of rats of the Wistai strain appears 
to be higher than the total lipid of nuclei of liver cells of Osbome-Mendel 
rats 

In regard to the state of the nucleic acid in isolated nuclei, it has been 
shown that this substance can exist either in an easily extractable, loosely 
combined state, or that it can be to a considerable extent in a moie fiimly 
bound, non-extractable state, presumablj' combmed w ith protein Eithei 
state can exist in nuclei which have been prepaied by lelatively mild 
methods Thus in nuclei of lat hvei cells piepared at pH 6 0 to G 2, we 
have the nucleic acid almost entirelj'^ in the loosely combmed state, while 
m nuclei of lat liver cells piepared at pH 3 8 to 4 0, as well as in nuclei of 
chicken erythrocj^tes piejiaied at pH 6 8 to 7 0, the nucleic acid is largelv 
m the firmly combmed state It seems obvuous that the nucleic acid of 
nuclei must exist in the loosely combmed state or be thrown mto this state 
when tissues are subjected to procedures such as that of Hammarsten (11) 
for preparing thymus nucleic acid, oi of Mirskj and Pollister (3, 4) foi 
preparing nucleoprotems Otherwise, the jnelds of nucleic acid oi nucleo- 
protem would be v ery small Undei the same conditions, the nucleic acid 
of animal cell cjdoplasm, which is known to exist m granules as a lipo- 
nucleoprotem complex (7), must remain fiimly combined, oi otherwnse it 
Would contammate the desoxyribonucleic acid extracted from the nuclei 

Denaturation of protem evidently is not responsible foi the fiimlj’’ bound 
state of the nucleic acid of isolated nuclei, since this state occuis m nuclei of 
chicken erythrocjdes which are prepared at too high a pH for denaturation 
of protem, and since m general denaturation is stated to libeiate firmlj 
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bound nucleic acid from protem (5, 6, 15) It might be thought that when 
nuclei are prepared at pH 3 8 to 4 0 a change m the permeability of the 
nuclear membrane could cause the nucleic acid to become unextractable 
However, this is not probable m view of the fact that a small amount of 
the nucleic acid actually can be extracted from these nuclei Moreover, 
the nuclei of chicken eiythrocytes, which have all of their nucleic acid m a 
firmly combined state, were not prepared at low pH Fmally, when 
nuclei of livei cells prepared at pH 3 8 to 4 0 are suspended in 100 cc of 
distilled w ater and then are fragmented by prolonged stirring at high speed 
m the Wanng blender, the nucleic acid still is firmly bound to the residue 
obtamed by centrifugation at high speed This w as determmed by extract- 
ing the lesidue with 5 and then 10 per cent solutions of sodium chlonde 
and analyzmg the residue for nucleic acid The nucleic acid content was 
found to be 19 5 per cent, and veiy little precipitable nucleoprotein ap 
peared in the extract 

It IS interestmg to speculate as to whether the two states of nucleic acid 
m nuclei are physiologically reversible, or whether one state is normal for 
b livmg cell and the second state occurs after death or disruption of 
the cell, but at present these questions do not seem to be answerable from 
biochemical eindence Changes in the viscosity of nuclei of tumor cells 
haxe been reported (16), and possibly these changes might be connected 
with a change in the state of combination of the nucleic acid in the nuclei 

SLMMARI 

1 A method has been given for isolatmg cell nuclei of rat liver at pH 
3 8 to 4 0 This pH results in denaturation of much piotein, but is favoi 
able to letention of nucleic acid and protein by the nuclei 

2 A study has been made of the total lipid and desoxynbonucleic acid 
content of cell nuclei of rat liver prepared at pH 3 8 to 4 0 and at pH 6 0 
to 6 2 Fiom this it is concluded that some protem is probably lost from 
nuclei prepared at the higher pH range, and that therefore the true concen 
trations of several enzymes already reported to be present m the nuclei 
may be ex en higher than the reported values 

3 It has been shown that the desoxynbonucleic acid of isolated cell 
nuclei may exist either m an easily extractable, loosely combined state, 
or m a more firmly combined state, unextractable by mild procedures 
Nuclei of bird erj throcy tes ha\ e been included in this stud}" 

4 Some absoiption spectra haxe been given for the pnncipal nucleic 
acid containing fractions prepared from isolated nuclei of rat liver ce 

5 Glj cogen appears to be v eiy low or absent in nuclei of rat liver ce s 

6 Cytochrome c appears to be present m low concentration in nuc ei 
isolated from cells of normal rat livei, mstead of being absent as was 
previously reported 
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THE DKSOXYRinONUCLEIC ACID CONTENT OF ISOLATED 
NUCLEI OF TUMOR CELLS 

Bt ALCVANDER L DOUNCn 

(From the Dcparlmcnl 0 / liiochctmslry and PharnmeoJogy, School of Medicine and Dcnltslry, 
The Ijnimsily of Rochester, Rochester, New Yorl) 

(Recci\cd tor publication, July 12, 1943) 

In 1 recent communication Roller (1) has stated his belief that the nucleic 
acid content of chromosomes rises to abnoimallj' high values m tumor cells 
Apparently lie belicies that this increased content of nucleic acid is related 
to the cause of malignancy, ns he makes the following statement "Since 
the amount of nucleic acid and the rate of its production determme the 
frequencj of di\ ision, the c\ccss amount of nucleic acid present m the 
tumour must be considered as the fundamental cause of increased 
di\ ision rate and mahgnanci ” 

In this paper iie should like to report the results of analyses for desoxy- 
ribonucleic acid m nuclei isolated from the cells of the two types of rat 
tumor, and to compare these results wuth the total desoxyribonucleic acid 
content of cell nuclei of normal rat liver Also, in order to show that other 
tjTies of cell nuclei may ha\ e a much higher desoxynbonucleic acid content 
than either the cell nuclei of normal liver or the nuclei of the tw 0 tumor 
cells studied, we have included analyses for the desoxynbonucleic acid 
content of the nuclei of fish spermatozoa and bird erythrocytes 

EXPERIMENT 41, 

Preparation of Cell Nuclei of Normal Rat Liver — ^These nuclei were pre- 
pared at pH 3 8 to 4 0 accordmg to the method given m the preceding 
paper from the livers of rats of the Osbome-Mendel and Wistar strams 

Preparation of Cell Nuclei of Walker Caranosarcoma 256 — The tumors 
were frozen and the necrotic areas were discarded Then 100 gm of frozen 
tumor w'ere added rapidly to a Wanng blender contammg 500 cc of a 
mixture of crushed ice, distilled water, and 37 6 cc of molar citnc acid 
The blendor w as allowed to run for 15 minutes The final pH of the mix- 
ture w as about 3 0 Before the tumor W'as added, the concentration of the 
citnc acid in the blendor w’as about 1 5 per cent * The nuclei w ere then 
stramed through cheese-cloth and w'ere isolated by repeated differential 
centrifugation m an ordmary centnfuge After the first washing, a drop 
or two of molar citnc acid was added when needed to prevent agglutma- 
tion of the nuclei because of increase m pH 

' Nuclei of Walker Carcinosarcoma 256 have been isolated by Haven and I,evy (2) by 
the use of 2 per cent citric acid 
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The use of pH 3 0 instead of pH 3 8 to 4 0 undoubtedly results m the 
removal of a certain amount of histone from the nuclei, since pH 3 0 
probably is near the cntical value below which the histone begins to be 
dissociated from the nucleic acid and smce nuclei of liver cells prepared 
at pH 3 0 appear to lose some histone According to the directions in 
Kossel’s book (3) for prepanng thymus histone from thymus nucleohistone, 
the solution must be definitely acid to Congo red in order that splitting of 
the histone from the nuclei may take place This would impl}’’ a pH 
range of 2 to 3 It would be desirable to prepare cell nuclei of Walker 
tumors at pH 3 8 to 4 0, but so far this has proved to be impossible, since 
the cytoplasm is not well removed from the nuclei at this pH range 
A photograph of nuclei isolated from Walker Carcinosarcoma 256 at 
pH 3 0 is shoivn m Fig 1 



Fig 1 Nuclei isolated at pH 3 0 from Walker rat Carcinosarcoma 256 X <20 

Preparation of Isolated Nuclei from Hepatoma 31 — It was found impos 
sible to obtam good preparations of nuclei from Hepatoma 31 at pH values 
from 3 0 to 4 0 Instead it was necessary to employ concentrations of 
citric acid near to the concentrations employed by Stoneburg (4) and 
Marshak (5) m isolating the nuclei 

100 gm of frozen tumor free of necrotic matenal u ere added rapidly to 
a Wanng blender contammg 500 cc of a mixture of crushed ice, distilled 
u ater, and 100 cc of molar citnc acid (The concentration of citnc aci 
in this mixture is about 4 per cent, and the final pH after addition of the 
tumor IS about 2 4) The blender was allowed to run for 15 minutes, an 
then the nuclei v ere isolated as usual, care bemg taken to add a drop or 
so of citnc acid when needed after the first \\ ashing to prev ent agglutma 
tion Agglutmation is much more troublesome uith nuclei prepared m 
strong citnc acid than ivith nuclei prepared at pH 3 8 to 4 0 

A photograph of nuclei isolated from cells of Hepatoma 31 is s own 
m Fig 2 
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Preparation of Celts of N^ormal Ral Liver milh 4 Per Cent Citric Acid — 
The same inctliod u ns used a\ Inch 1ms just been described for the isolation 
of nuclei from Hepatoma 31 The pH is 2 4 A photograph of these 
nuclei is shov, n in Fig 3 Some of the nuclei have been fragmented As a 
rule, this does not happen 

Preparation of Nuelet of Chicken Erythrocytes — The method of Bounce 
and Lan (C) vas employed, saponin being used to lake the cells in 0 9 per 



ito 2 Nuclei isolated at pH 2 4 from Hepatoma 31 X IWO 



Flo 3 Nuclei isolated from rat liver (Osborne Mendel) at pH 2 4 X 1040 

cent sodium chlonde solution A photograph of these nuclei will appear 
elsewhere 

Analysis of Nuclei for Desoxyribonucleic Acid — Desoxyribonucleic acid 
was determined by the method already described in the preceding paper 
Samples of isolated nuclei were thoroughlj'^ suspended in distilled water 
and two 0 5 cc aliquots were taken for the analysis for nucleic acid Usu- 
ally two 0 5 cc aliquots also were dned in an oven at 100° for dry weight 
determination, although occasionally only one 0 5 cc sample w^as dned 
The values for the nucleic acid analyses are shoivn m Table I, and are 
expressed as nucleic acid, not as the sodium salt 
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DISCUSSION 

The results of the analyses of various samples of isolated nuclei for 
desoxj nbonucleic acid shoum in Table I are all averages of at least tvo 
detemimations on a given sample of nuclei, and different preparations of 
nuclei were made for each result recorded In making a given preparation 
of isolated nuclei of liver cells, we used from ten to fifteen rat livers, and 
for nuclei from the tumoi cells, parts of at least three tumors were used 
foi e\ erj" preparation of nuclei 

It should be clear from Table I that the total deso\jTibonucleic acid 
content of the nuclei of both tumors studied is not higher than the nucleic 


Tible I 

Desoxyribonucleic Acid in Cell Nuclei, As Per Cent of Dry Weight 
Lipid was present unless otherwise stated 


Normal 
rat liver 
pIU 8-4 0 

Normal 
rat )i>er 

1 28 percent 
citric acid 
pH 3 0 

Normal 
rat U\ er 

4 percent 
citric acid 
pH 2 4 

Walker tumor 

1 5 per cent 
citric acid 
pH 3 0 

Hepatoma 3! 

4 per cent 
citric acid 
pH 2 4 

Chicken red 
blood cell 
pH 6 8-7 0 

Fish sperma 
tozoa 


25 3* 

38 3* 

21 Of 

21 8* 

38 U 

73 0§ 




21 6t 

25 3* 

37 8 


23 9* 


40 3t 


15 2* 







21 9* 

42 011 


22 4t 




22 4* 



19 7t 








* Rats of the Osborne Mendel strain were used 
t Rats of the Wistar strain were used 

t The \ nine of 45 per cent reported previouslj (6) w as based on our sodium thymo 
nucleate standard obtained by the Hammarsten method without correction for im 
puriU in the standard, and therefore is too high 

§ Value reported by Steudel (7), based on phosphorus analysis, lipid free dry 
weight basis 

II Value reported by Ackerman (8), based on phosphorus analysis, lipid free dry 
weight basis 

acid content of cells of normal rat liver In the case of Hepatoma 31, 
it IS piobable that the nucleic acid content actually' is much lower than the 
values recoided m Table I, and therefore is also much low'er than the values 
for nuclei isolated from normal liver cells, since the use of 4 per cent citnc 
acid undoubtedly results m the extraction of much of the histone present 
in the nuclei 

This IS demonstrated indirectly by' the analysis of nuclei of norma! hver 
cells, prepared at pH 2 4 by the use of 4 per cent citnc acid, and at pH 
by the use of 1 28 per cent citnc acid The per cent of desovy'nbonuc eic 
acid m nuclei prepared at pH 2 4 is about 1 8 tunes the per cent of desoM 
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nbomiclcic ncid m nuclei prepared at pH 3 8 to 4 0, while the per cent of 
dcsoNj ribonucleic acid in nuclei prepaied at pH 3 0 is about 1 17 tunes the 
per cent of dcso\j ribonucleic acid in nuclei prepared at pH 3 8 to 4 0 
These factors arc calculated from average values for the per cent of desoxy- 
ribonucleic acid m the nuclei of cells of normal rat liver prepared at pH 2 4, 
pH 3 0, and pH 3 8 to 4 0 If ne dmde the average value for the per cent 
of desoxjTibonucleic acid in nuclei of Hepatoma 31, prepared at pH 2 4, 
bj' the factor 18, no get a "corrected” value of about 11 8 per cent 
If VC dnidc the average value for the per cent of desoxynbonucleic acid 
in AValker Carcinosarcoma 25G by the factor 1 17, ve get a "corrected” 
\ alue of about 18 2 per cent It is not possible to state how close these 
“corrected” xalucs for the desoxyribonucleic acid content of the tumor 
nuclei are to the true values, since ve do not know how the histone content 
of the tumor cell nuclei compares mth the histone content of cell nuclei of 
normal liver 

All of the vork in this paper probably should be considered as dealing 
mth nuclei m the resting stage, since even in the tumors the percentage 
of cells undergoing mitosis does not appear to be veiy high 

While ve do not vish to contradict the observations of Koller, who used 
different tumor cells, a different technique, and vho referred mamly to 
chromosomes rather than to v hole nuclei, v e should like to point out that 
his conclusions may be too sweeping, particularly in regard to the con- 
sideration of an enhanced nucleic acid content of tumor cells as a cause of 
malignancy 


STJMMAHT 

1 Nuclei isolated from Walker Carcinosarcoma 256 at pH 3 0 with 1 5 
per cent citnc acid, and nuclei isolated from Hepatoma 31 wnth 4 per cent 
citnc acid have been analyzed for desoxyribonucleic acid, and the results 
have been compared with similar analyses of cell nuclei from normal rat 
hver, chicken erythrocytes, and fish spermatozoa 

2 Values obtamed for the desoxyribonucleic acid content of nuclei of 
the Walker tumor cells are probably not greatly m erroi, but values ob- 
tamed for nuclei isolated from Hepatoma 31 undoubtedly are too high 
because of extraction of histone from the nuclei by the strong acid 

3 The nuclei of Walker tumors m the resting stage have nearly the same 
concentration of desoxynbonucleic acid as the nuclei of cells of normal rat 
hver m the resting stage, while nuclei of Hepatoma 31 appear to have a 
much lower desox 3 fnbonucleic acid content than this 

4 Nuclei of bird erythrocytes and fish spermatozoa have a much higher 
concentration of desoxynbonucleic acid than do nuclei of the two tumors 
studied, or the cell nuclei of normal rat hver 
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imOSSTIGATIONS OF AMINO ACIDS AND PEPTIDES* 

XV SOME PinSICAL PROPERTIES OF I(+)-ALANINE 
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An investigation of some physical properties of f(+)-alanme and d(— )- 
alamne is reported m this paper In general, the methods employed are the 
same as those described m earlier pubhcations on l(—)-lencme (2) and 
1( — )-histidme (3) In these earlier studies, it was not difficult to acquire 
adequate quantities of the crude natural ammo acid Smee this was not the 
case in the present w ork, it was first necessary to select a method for the 
preparation of the amino acid 

Although the natural antipode, I(-|-)-alamne, has been isolated from 
hydrolysates of proteins, such as gelatin and fibrom, by the ester method 
(Fischer (4-())) and by means of its shghtly soluble salts, the diONypyndate 
(Bergmann and Niemann (7)) and the azobenzene-p-sulfonate (Stem et al 
(8)), a resolution procedure was preferred, smee ammo acid impurities, 
invariably present in and difficult to remove from an ammo acid isolated 
from a protein, would be avoided A further advantage was that both 
optical antipodes, resulting from a resolution, would be available for study 
By this means the reliability of the physical constants measured would be 
increased, since it was expected that the antipodes would have identical 
properties except the sign of optical rotation 
The methods employed m the preparation of l(+)-alanme include (a) 
the enzymatic degradation of dl-alanme with taka-diastase (Hoppert (9)) 
and d-ammo acid oxidase (Behrens (10)), (b) amination of the correspondmg 
optically active a-bromopropiomc acid (Levene and Kuna (11)), and (c) 
reduction of l-a-ammo-zS-chloropropionic acid (Fischer and Raske (12)) 
d(— )-Alanme has been prepared by (a) the enzymatic degradation of 
dl-alanme ivith Aspergillus niger (Fischer (13)) and yeast (Ehrhch (14)) and 

* The word "quantitative” has been omitted from the title formerly used 
t For Paper XIV in this senes see Frieden, Dunn, and Coryell (1) This work was 
aided by grants from the Gelatin Products Company Merck and Company, Inc , and 
the University of California The authors are indebted to M J Naiditch, E L Sex 
ton, and D M Updegraff for assistance with the resolutions The Kjeldahl analjses 
were made by J D Murray, the ash and moisture analyses by E A Murphy, and the 
semiquantitative analyses of inorganic ions by R Diamond 
t Present address. Gelatin Products Company, Detroit, Michigan 
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(6) amination of the corresponding a-bromopropionic acid (Warburg (15), 
Fischer (16)) Behrens’ procedure has been confirmed in the authors’ 
laboratory and it is considered to be satisfactory The other methods vere 
not tested The mtermediates employed m Fischer’s laboratoiy were ob- 
tained by the action of phosphorus pentachlonde on Z(— )-senne methyl 
ester and mtrosyl bromide on Z(4-)-alanme The literature on the resolu- 
tion of dZ-a-bromopropionic acid has been reviewed recently by Chadwick 
and Pacsu (17) who concluded that, “there is no method known by which 
pure d- or Z-a-bromopropiomc acid may be obtamed in quantities great 
enough for use m synthetic experiments ” 

The optically active alanmes have been prepared most commonly by 
chemical resolution of dZ-alamne The benzoyl (5, 13, 18-22), ethyl ester 
(23, 24), p-toluenesulfonyl (25), o;- and j8-naphthalenesuKonyl (26), benzene 
sulfonyl (27), camphorsulfon}'! (23), bromocamphorsulfonyl (23), menthoxy- 
1 yl (20, 28), hj droxymethylenecamphor (24), and o-, m-, and p-nitro- 
■ ^yl (29, 30) derivatives of the brucme (5, 13, 18-22, 25, 26, 29, 30), 
yi. mme (5, 13, 18-22, 25, 26, 29, 30), cinchonine (30), cmchomdme 
(29, 30), quinme (30), and ephedrme (27) salts of dZ-alamne have been used 
for this purpose Some of the alkaloidal denvatives were found to be un 
satisfactoiy because of unfavorable solubihty relations of the enantio- 
morphic complexes and the fonnation of partial racemates or mixed crystals 
of the diastereoisomenc salts It was observed by Colles and Gibson (30) 
that the benzoyl, p-toluyl, cmnamoyl, and m- and p-mtrobenzoyl deriva 
tives of alamne aie readily hydrolyzed when they are refluxed for 3 hours 
with constant boiling hydrochloiic acid, while the benzenesulfonyl and 
analogous sulfonyl denvatives are incompletely hxdroljzed even under 
more drastic conditions It appears, however, that resistance to hy- 
drolysis IS not of cntical importance, since, according to Pacsu and Mullen 
(20), Z(-l-) -alanine is not racemized appieciably durmg 24 hours refluxing 
with 20 per cent hj drochloric acid 

The method descnbed by Pope and Gibson (18) m 1912 for the resolution 
of dZ-alanine was finally adopted, smce it appeared to be as satisfactory as 
any other It was fiist employed m the authors’ laboratory in 1935 in the 
prepaiation of 2 5 gm of purified Z(-l-)-alanme and 6 5 gm of purified d(— )- 
alamne In this procedure, the strj'’chnine salt of benzoyl-Z(+)-!iIanine 
and the brucme salt of benzoyl-d( — )-alamne are isolated m the order given 
The precipitation of these complexes m the leverse order, accoi'ding to the 
method devised onginally by Fischer (13), is not as satisfactory as the 
procedure of Pope and Gibson, smce the strychmne salt of Z(+ )-ben 2 oy 
alamne is much less soluble in w'ater than the brucine salt of d(— )-alanine 
Although Pope and Gibson did not extend the resolution beyond t e 
benzoylalamne stage, Pacsu and Mullen (20), as well as Levy and P nier 
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(21), have reported recently the preparation of both alanine antipodes es- 
sentially by the method of Pope and Gibson 

Preparation oj Purified l{-{-)-Alamne and d{~)-Alamne 

Bcnzoyl-dl-alamne — A mixture consisting of 267 gm (3 moles) of tech- 
nical df-alamnc, 500 cc of distilled water, and 175 cc of saturated sodium 
hydroxide solution iias cooled to about 0° 360 cc (3 12 moles) of benzoyl 

chlondc Mere added rapidly while the mixture was stirred Ice and alkah 
solution (125 cc ) n ere added as needed to mamtam the temperature low 
and the reaction alkaline to phcnolphthalem 200 cc of concentrated hy- 
drochloric acid R ere added, and the iruxture uas allowed to stand overnight 
in the refngerator The suspension of benzoic acid and benzoyl-df-alanme 
was filtered and the precipitate washed ivith 1 5 liters of cold distilled 
water and COO cc of isopropyl ether The yield of product (m p 160-161°, 
uncorrected), dried in air, was 550 to 557 gm (95 to 97 per cent of theory) 
Accordmg to Pope and Gibson (18), the meltmg point is 160° (uncorrected), 
while Fischer (13) found 162-163° (uncorrected) and 165-166° (corrected) 

Because he was not able to get satisfactory yields of benzoyl-dl-alanme 
by the onginal method of Baum (31), Fischer (13) substituted sodium bi- 
carbonate for sodium hjdroxide in the benzojdation By this means be 
prepared C 0 gm of crude and 4 5 gm of once recrystaUized product in 97 
and 73 per cent, respectively, of the theoretical amount Carter and 
Stevens (32) found that the jield of the punfied benzoyl denvative of 
f-p-metho\yplienylalamne w'as higher when sodium hydroxide was em- 
ployed m place of sodium bicarbonate and benzoyl chlonde was used m the 
ratio of 2 moles to 1 of the ammo acid instead of the 3 1 ratio recommended 
by Fischer Adopting this procedure, Levy and Palmer (21) obtamed 38 
gm (79 per cent of the theoretical amount) of benzoyl-df-alanme w'hich was 
stated to have the theoretical titiation equivalent and the accepted melting 
pomt By the present authors’ relatively simple procedure only a slight 
excess of benzoyl chlonde is required and large amounts of nearly pure 
benzoylated product are readily prepared m high yield 

Strychnine Bemoyl-l{-\-) -alanine — ^The procedure of Pope and Gibson 
(18) was followed m the resolution of benzoyl-dl-alanine Stiychnme 
benzoyI-f(-f-)-alamne is allowed to crystallize from an aqueous solution 
contammg 2 equivalents of benzoyl-df-alanme and 1 equivalent each of 
potassium hydroxide and strychnine It was found, m agreement with 
Levy and Palmer (21), that this method is as effective and is more eco- 
nomical of alkaloid than that of Fischer (13) as modified by Pacsu and Mullen 
(20) The last authors crystalhzed stiychnme benzo 3 d-l(-f-)-alamne from 
an aqueous solution contammg equivalent quantities of benzoyl-dl alanme 
and sti^'chnme 
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From seven lots (109 to 177 gm ) of benzoyWZ-alanme (total, 1064 gm ) 
there vere obtamed 1239 7 gm (79 9 per cent of theory) of recrystallized 
f-strychnme benzoyl-f(+)-aIanme which, accordmg to Pope and Gibson 
(18), IS the dihj'drate The specific rotation (Sample A, Table I) in vater 
i\ as — 10 45° at 24° That of Pope and Gibson’s product (Sample B, Table 
I) vas —10 66° at 20° Pacsu and Mullen (20) prepared 310 7 gm (79 5 
per cent of theorjO of this salt These authors calculated the yield to be 
84 6 per cent of theory based, apparentlj , on the assumption that the salt 
IS anhydrous 

Bnicvne Bemoyl-d{—)-alamne — ^The mother liquor from which the 
stryclmine benzojl-f(+)-alanme had been removed was evaporated to 
about one-half of its volume The residual solution was made stronglj 
alkahne mth 3 N sodium hydroxide, the mixture \\ as cooled overnight in the 
refngerator, the suspension of strjmhnme was filtered, the precipitate was 
washed, and the filtrate was acidified to Congo red with concentrated 
bjdrochlonc acid The precipitate of crude benzoyl-d(— )-alamne, which 
I d immediately, w as removed by filtration Two additional crops of 
crystals were obtamed from the filtrate The yield of crude benzoyl-d(— )- 
alanine was 443 2 gm (83 per cent of theory). 

The crude product (2 06 moles, if 90 per cent pure) W’as dissolved m 4 5 
liters of boilmg water and there weie added 820 gm (2 08 moles) of anhy- 
drous f-brucine and 12 9 gm (0 23 mole) of potassium hydroxide dissolved 
m 100 cc of water The lesultmg solution was cooled, seeded, and let 
stand for 36 hours in the refngerator The suspension of fine crj'stals was 
filtered The crystals were washed twice with ice cold water and dned at 
50° The yield' (brucme benzoyl-d( — )-alanine according to Pope 

and Gibson (18)) w as 1059 gm (69 1 per cent of theory based on 443 2 gm 
of crude benzoyl-d( — )-alanme and 71 per cent based on 1064 gm of 
benzoyl-dZ-alamne) The jneld of twice reci^’stallized product W'as 890 
gm (84 per cent recovery) The crude product melted at 84-86° (uncor- 
rected) and the final product at 86-88° (uncorrected) Pope and Gibson 
(18) found that a product w'hich had been reciy'stallized four times melted 
at 89-91° The specific rotation in water of the authors’ product (Sample 

C, Table I) was —26 53° at 23 0° and Pope and Gibson’s product (Sample 

D, Table I) was -33 6° at 20° 

Benzoyl-l{+)~alamnc — A hot aqueous solution contammg 1120 9 gm 
(1 99 moles) of once recrystallized strychnme benzoyl-f(-f-)-aIenme wm 
made stronglj’’ alkalme with 3 n sodium hydroxide The mixture was cooled 

' Pacsu and Mullen (20) prepared 359 gm of the brucine salt The 
per eent, calculated by these authors seems to be in error, since it appears to e 
per cent based on 140 gm of benzoyI-d(— )-aIanine and 77 7 per cent based on 
gm of benzoyl-{f(-aIanine 
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and the 8USi)cnsion of stiychninc was filtered immediately The filtrate 
lias acidified stronglj mth concentrated hjdrochloric acid, seeded, and let 
stand o\ emight in the refrigerator The resultmg cr 3 'stals n ere removed by 
filtration, naslicd, and dned at 50° The yield of crude benzoyl-f(+)-ala- 
ninc (m p 136-139°, iincorrccted) i\as 379 7 gm (99 per cent of theory) 

Tlie crude bcnzojl-K+)-atanine was suspended in 2 5 liters of water 
heated to 40°, 121 cc of concentrated sodium hjdrovide and 9 gm of norit 
Bcre added, and the mixture was stiricd for 10 minutes The suspension 
was filtered, and the precipitate was washed Concentrated hydro- 
chlonc acid (215 cc ) was added to the filtrate and the suspension which 
formed after the solution had stood overnight was filtered The crystals 
were washed with cold watei, sucked ns drj' as possible, and dried at 50° 
There were obtained from 32G 3 gm of crude benzoyl-i(+)-alanine 321 5 
gm (98 5 per cent recoverj ) of reerj stallized product w hich melted at 
136-138° (uncorrected) Its titration equivalent was 189 2 (theory, 193 1) 
and the moisture content was 1 5 pci cent The pure substance melts at 
147-148° (uncorrected) or 150-151° (corrected) according to Fischer (13), 
Pope and Gibson (18), and Pacsu and Mullen (20) The specific rotation 
(Sample E, Table I) w as +33 4° in 1 n sodium hydi oxide at 22 5° That of 
Pope and Gibson’s product (Sample F, Table I) was +34 6° in 0 077 n 
potassium hydroxide at 20°, and of Pacsu and Mullen’s product (Sample G, 
Table I) was +37 12° in 0 34 n potassium hydi oxide at 20° Although 
Pope and Gibson, Pacsu and Mullen, and Levy and Palmer (21) have shown 
that the specific rotation of benzoj W(+)-alamne in an aqueous solution 
contauung an equivalent of alkali varies with the concentration of the 
solute, it IS difficult to determine from the available data the correct rota- 
tion under any particulai set of conditions 

Benzoyl-d[^—)-alamnc ' — 1337 gm (2 00 moles) of f-brueme benzoyl-d( — )- 
alanme 4^H20 were dissolved m 5 hteis of water and 480 cc of saturated 
sodium hydroxide solution w ere added The suspension of brucine, which 
formed rapidly, was stirred for 10 minutes, cooled to room temperature, 
and filtered The biaicine was w ashed ivith 0 5 n sodium hydroxide solution 
and the combmed filtrate and washings were acidified to Congo red mth 
340 cc of concentrated c f hydrochlonc acid The suspension was filtered 
after it had stood overmght in the refrigerator The crystals were washed 
with cold water and dned foi 2 days at 50° 

The yield of crude benzoyl-d( — )-alanine was 364 9 gm (94 5 per cent of 
theory) The specific lotation (Sample H, Table I) was —32 5° m 1 05 

’ Pacsu and Mullen (20) prepared 77 5 gm of purified benzoyI-d(— )-alanine The 
yield was 91 per cent of theory based on brucine benzoyl d(— )-alanine 4|H 0 The 
yield, 81 per cent, given by these authors apparently was calculated on the assump- 
tion that brucine benzoyl-d(— )-alanine is anhydrous 



246 


AMINO ACIDS AND PEPTIDES XV 


N sodium h3"dro'ade at 25° The values, —37 3° and —36 9° at 20°, vcre 
found by Fischer (13) and Pacsu and Mullen (20), respectively, under ap 
proximatelj" the same conditions 

l{+)-Alamne — 292 5 gm (1 51 moles) of benzoyW(+)-alanme sus 
pended m 1460 cc of 6 N hydrochlonc acid were heated for 4 5 hours on a 
boilmg water bath The mixture was cooled overnight in the refrigerator, 
1 hter of distilled water was added, and the suspension of crj'stals was 
filtered After the benzoic acid w'as extracted from the precipitate, about 
40 gm of unchanged benzoyl-l(+)-alanine were recovered 

The acid filtrate was distilled to diyness m vacuo and, after the addition 
of 300 cc of w'ater, this process was repeated twnce The residual l{+) 
alamne hydrochloride was dissolved m 400 cc of distilled water, 89 cc of 
concentrated ammonium hydroxide and 293 cc of 95 per cent ethanol w ere 
added, and the suspension of crj'stals which formed after the mixture had 
stood overmght in the refrigerator was filtered The crystals were washed 
with 95 per cent ethanol until the w'ashings were free from chlonde The 
yield of Z(+)-alamne, dned at 50°, was first crop, 65 5 gm , second crop, 
9 3 gm , and total 74 8 gm (64 per cent of theory) The specific rotations 
in 5 97 N hydrochlonc acid at 25° were first crop (Sample I, Table I), 
+13 84°, and second crop (Sample J, Table I), +13 73° 

72 gm of the foregoing K+)-alanine w'ere dissolved in 214 cc of boding 
distilled water and 5M cc of 95 per cent ethanol were added The yield of 
dned product was 66 9 gm (93 per cent recovery) It contained less than 
0 004 per cent chlonde, phosphate, iron, or heavy metal ion, and it was 
100 6 per cent pure according to Van Slyke volumetnc analysis of ammo 
mtrogen Its specific rotation (Sample K, Table I) in 6 08 n hydrochlonc 
acid at 25 0° was +13 83° 

53 2 gm of this product w'ere dissolved m 162 cc of boding distdled water 
and 380 cc of 95 per cent ethanol w’ere added The yield of dned product 
was 49 8 gm (93 6 per cent recovery) Its specific rotation (Sample L, 
Table I) in 5 97 N hydrochlonc acid at 25 1° was +13 79° 

47 8gm of this product were dissolved m 150 cc of bodmg distilled water 
and 172 cc of redistilled absolute methanol were added The yield of dried 
product contammg less than 0 004 per cent chloride, ammonium, iron, 
phosphate, or heavy metal ion was 40 3 gm (84 3 per cent recovery) The 
product was 100 3 (100 2, 100 3, 100 3) per cent pure according to semi- 
micro-Kjeldahl analysis Its specific rotation (Sample M, Table I) m 5 97 
N hydrochlonc acid at 25 0° was +13 82° 

3 0 gm of this product were dissolved in 9 0 cc of boihng distilled water 
This solution was cooled at 5° for 4 hours, the suspension of crj'stals wM 
filtered, and the ciystals were washed with 33 per cent, 50 per cent, an 
absolute methanol The yield of dried product was 1 63 gm (54 pef 
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cent recoverj') The specific rotation (Sample N, Table I) m 5 97 n 
hydrochloric acid at 25 0° was + 13 70° About 14 cc of absolute methanol 
were added to the alcoholic filtrate and the yield of dned product which 

Table I 


Specific Rolalions* of Substances Referred to tn Text of This Paper^ 


Sun 

pie 

SubsUnce 

Sotvent 

Weicht 

o{ 

sajnple 

Volume 

of 

SolutlOQ 

Tern 

pera 

ture 

a 

Wa 

■ 



tm 

ce 

c 

degrees 

degrees 

D 

I-Strychmnc ben- 

Water 



24 


-10 45 


zojl-I(+)-aInmnc 








dihy drain 







B 

ft U 

II 

liBIQ:!: 

29 94 

20 


-10 66t 

C 

J-Bruoine benzoyl- 

«< 

0 5314 

MIMOl 

23 0 

-1 127 

-26 53 


d(— )-alaninc 4j 








H,0 







D 

ti tt 

tt 

0 3117 

29 94 

20 


-33 6t 

E 

Benzoyl-I(+)- 

1 N NaOH 

'iVlillll 

gilill 

22 5 


+33 4 


alamne 







F 


0 077 N KOH 

0 5238 

29 94 

20 

+2 42 

+34 6t 

G 

it 

0 34 " “ 

0 6681 


20 

+2 48 

+37 12§ 

H 

Benzoyl-d(— )- 

1 05 “ NaOH 

tKiliE 


25 

-1 366 

-32 5 


alamne 







I 

f(+)-Alanino 

S 97 '• HCl 

0 5309 

26 293 

25 

+1 118 

+13 84 

J 

(( 

5 97 “ “ 

0 5352 

21 131 

25 

+1 125 

+13 73 

K 

tl 

6 08 " “ 

0 5447 


25 0 

+1 157 

+13 83 

L 

11 

5 97 “ 

0 5281 

26 293 

25 1 

sm 

+13 79 

M 

ft 

5 97 " “ 

0 5556 

26 131 

25 0 

+1 175 

+13 82 

N 

tt 

5 97 •' 

0 5256 

MitiiWl 

25 0 


+13 70 

0 

tt 

5 97 “ “ 

0 5422 

26 293 

25 1 

SE3 

+13 70 

P 

(i(— )-AIanine 

6 08 '■ " 

0 5436 

22 044 

25 0 

-1 333 

-13 57 

Q 

(t 

5 97 “ " 


'’tailHl 

25 1 

bTim 

-13 59 

E 

It 

5 97 “ “ 

0 4312 

26 126 

25 0 

-1 111 

-13 66 

S 

tt 

5 97 " “ 

0 5255 

25 949 

25 0 

3W(im 

-13 62 

T 

tt 

S 97 " ■' 

0 6306 

26 044 

25 2 

BRiQ 

-13 58 


* A 1 dm tube was used to measure the rotation of benzoyl-i(+)-alamne, Sample 
G In all other cases the tube length was 4 dm 

t The data given v ere obtained by the present authors with the exceptions noted 
t Pope and Gibson (18) 

5 Pacsu and Mullen (20) 

crystallized at 5° was 0 80 gm The specific rotation (Sample 0, Table I) 
in 5 97 N hydrochlonc acid at 25 1° was +13 70° 

Since all of the foregoing seven specific rotations are either withm, or 
only slightly beyond, the probable precision of the polanmeter, it was con- 
sidered that this sample of i(+)-alamne was anal 3 rtically pure, its specific 
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rotation being [ 0 -]“ ® = +13 77° (±0 02°, probable error of the mean) m 
6 0 N hydrochloric acid 

d{—)-Alamne — ^230 gm (1 19 moles) of recrystalhzed benzoyl-d{— ) 
alanme were hydrolyzed with concentrated hydrochloric acid, the sus 
pension of benzoic acid filtered, and d(— )-alamne isolated from the filtrate 
essentially by the method employed in the preparation of f(+)-alanme 
from benzoyl-l(+)-alanme The yield of crude d( — )-alanine was first 
crop, 76 2 gm , second crop, 18 7 gm , third crop, 6 4 gm , and total, 101 3 
gm (95 8 per cent of theory) 

74 7 gm of this product were recrystalhzed from aqueous ethanol solu- 
tion The yield of dned product contaming less than 0 004 per cent 
chlonde, phosphate, iron, or heavy metal ion was 69 6 gm (93 2 per cent 
recovery) This product was 100 8 per cent pure according to Van Slyke 
volumetnc analysis of ammo mtrogen Its specific rotation (Sample P, 
Table I) m 6 08 n hydrochloric acid at 25 0° was — 13 57° 

54 1 gm of this product were recrystalhzed from aqueous ethanol solu 
tion The yield of dned product was 50 5 gm (93 3 per cent recovery) 
The specific rotation (Sample Q, Table I) in 5 97 n hydrochlonc acid at 
251° was -13 59° 

SO 1 gm of this product were recrystalhzed from aqueous methanol 
solution The yield of dned product contammg less than 0 004 per cent 
chlonde, ammoma, iron, phosphate, or heavy metal ion nas 42 8 gm (85 4 
per cent recovery) This product was 100 2 (100 3, 100 4, 100 0) per cent 
pure according to semimicro-Kjeldahl analysis Its specific rotation 
(Sample R, Table I) m 5 97 n hydrochlonc acid at 25 0° was — 13 66° 

3 0 gm of this product Mere recrystalhzed from aqueous methanol solu 
tion The yield of dned product was 1 65 gm (55 0 per cent recovery) 
The specific rotation (Sample S, Table I) in 5 97 n hydrochlonc acid at 
25 0° was — 13 62° 30 cc of absolute methanol were added to the alcoholic 
filtrate and the mixture let stand at 5° The yield of dned product was 
0 87 gm The specific rotation (Sample T, Table I) m 5 97 N hydrochlonc 
acid at 25 2° was — 13 58° 

Smce all of the foregoing five specific rotations are either withm, or onlj 
shghtly beyond, the probable precision of the polanmeter, it was con 
sidered that this sample of d(— )-alamne was anal 3 d,ically pure, its specific 
rotation bemg [a]^ “ = -13 60° (±0 01°, probable error of the mean) m 
6 0 N hydrochlonc acid 

Punly of Purified l{+)-Alanine and d{—)-Alanine 

The average specific rotations, +13 77° and —13 60°, found under the 
specified conditions (c = 1, < = 25, and HQ = 5 97 n) for the punfieu 
l(+)-alanme and d(— )-alanme, differ by 1 2 per cent Smce the mois ure, 
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nsh, or inorganic ion impunty (determined by the methods descnbed by 
Stoddard and Dunn (2)) Ras less than 0 01 per cent, it Mas difficult to 
account for a difference m specific rotation of this magmtude on the basis of 
any known probable error For this reason, the additional e\penments 
described below weie performed in order to determme as accurately as 
possible the punt^ of these samples of the alanine antipodes 

The specific rotations of the /(+)-alanine and d(-')-alanme were de- 
termined under the conditions shown m Table II It may be noted that the 
a\erage deviation of the recorded \alues for the antipodes at the expen- 
mental temperatures, 0—45°, and the solvents, water and hydrochloric acid 
(0 2 to 7 25 \), IS 0 75 per cent It is evident, also, that the deviations 
under optimum conditions are less than 0 5 pei cent It appears probable, 
therefore, that the differences in specific rotations obseiwed mitially fall 
within the hmits of piobable error inherent in measurements under the 
specified conditions 

A dependable entenon of purity of optical isomers is believed to be the 
concordance of solubilities with small and large excesses of solute when 
mixed cr}'stal formation does not occur The solubilities of the alanines 
were measured by the gra\ imetnc method descnbed m the authors’ earher 
publications In the present woik, 10 cc glass stoppered comcal flasks 
were found to be more satisfactory receptacles for the weighing and the 
evaporation of the aliquots of the saturated solutions than Petn dishes or 
glass stoppered weighing bottles The latter are unsatisfactory because of 
the tendency of the solution to creep up the sides and over the top of the 
vertical w alls dunng the evaporation 

The expenmental conditions and results are shown in Table III It may 
be obserx'cd that the solubilities of I(-t-)-alamne and d(— )-alanine at 25 0° 
m water are IG 505 (0 0045, probable error of the mean) and 16 490 (0 012, 
probable error of the mean), respectix'ely These mean values differ by 
only 0 03 per cent and are in close agreement with the value, 16 62, reported 
by Pelhni and Coppola (33) (obtamed by interpolation from a curve 
constructed from a plot of these authors’ data at 0°, 17°, 30°, and 45 ) and 
16 65, found by Dalton and Schmidt (34) 

The purity of the authors’ specimens was tested finallj^ as follows 
Distilled watei was boiled, cooled, and stored in a scrupulously cleaned 
contamei fitted with a soda lime tube and a siphon IMixtures of the 
alanine antipodes containing approximately 99, 95, 5, or 1 per cent of each 
of the isomers were prepared bj weighing accurately and mixing ap- 
propriate quantities of the alanines A quantity of each mixture, equiva- 
lent approximately' to 110 to 130 per cent of the amount of pure antipode 
calculated to be soluble in the volume of w ater taken, w as suspended in the 
specially prepared distilled water The solubilities of these rmxtures were 



Table II 

Specific Rotations of l{+)-Alantne and d{—)-Alantne* {Authors' Data) 


AUsise 

isoiner 

Solution 


Solute j 

1 

a (obsen td 
optical 
rotation) 


Volume 

d (den 1 
Sitjlt 

Sample 

c (ptr 
100 cc 
sqIuuoq) 

P (p«r 
100^ 
solution} 

pcra 1 
ture ' 

(specific rotation) t 


7 25 N hydrochloric acid (c = 2) 



tin 

806 

812 

806 

812 

806 

812 

806 

812 

806 

812 



detrea 

+1 249 
-1 235 
+1 159 
-1 143 
+1 094 
-1 079 
+1 033 
-1 021 
+0 977 
-0 966 


5 97 N hydrochloric acid (c = 10) 



degrees 

+15 

33 

-15 

10 

+14 

31 

-14 

06 

+13 

57 

-13 

33 

+12 

87 

-12 

67 

+12 

23 

-12 

04 


li+) J 25 944J 1 11921 2 6275110 127 I 9 049 0 50 +6 616 


2 6304 10 135 
2 6275 10 070 
I 1129 2 6304 10 078 
I 1085 2 6275 10 030 
I loss 2 6304 10 037 
I 1039 2 6275 9 989 
26 3151 1 1039 2 6304 9 996 
I 0993 2 6275 9 947 
I 0991 2 6304 9 952 


26 4301 1 


0 SO -6 581 
15 0 +6 116 
15 0 -6 089 
25 0 +5 SOS 
25 0 -5 786 
35 0 +5 504 
35 0 - 5 484 
45 0 +5 221 
45 0 -5 204 


+16 33 (+16 32) 
-16 23 (-16 22) 
+15 18 (+15 17) 
-15 10 (-15 09) 
+14 47 
-14 41 
+13 78 
-13 72 
+13 12 
-13 07 






















Tadte II — Continued 


AUntoe 

iMniff j 

^luUon 

1 

Simple 

Sololo 

Tern 

pera 

lure 

a (observed 
optical 
rotation) 

1 

(specific rotation)! 

Volume 

rf (den 
»Hy)| 

c(per ! 
100 CC ! 
solution)! 

P (per 
100 cm 
solution) 

i 

4 83 I 

^ hj drochloric acid (c = 2) 



K+) 





[n 


tm 


tm 


1 deirces 


degreei 

2G 


1 

0890 


6280 

2 

028 


801 

0 

50 

+1 

270 

+16 

00 

d(-) 

25 

820 

1 

0897 


5315 

2 

058 


880 

0 

SO 

-1 

297 

-15 

75 (-15 74) 

K+) 


IBM 

1 

0842 


5280 

2 

018 


801 

15 

0 

+1 

179 

+14 

01 

d(-) 

25 

951 

1 

0812 



2 

048 



15 

0 

-1 

197 

-14 

01 

I(+) 

20 

293 

1 

0803 



2 

010 

1 

801 

25 

0 

+1 

121 

+13 

94 

d(-) 

HO 

QQ 

1 

0803 


5316 

2 

041 

1 

889 

25 

0 

-1 

134 

-13 

89 

K+) 

20 

398 

1 

0700 


5280 

2 

002 

1 

801 

35 

0 

+1 

000 

+13 

31 

d(-) 

20 

148 

1 

0700 

1 


2 

033 

1 

889 

35 

0 

-1 

075 

-13 

22 

K+) 

20 

497 

1 

0720 


5280 

1 

990 

1 

801 

45 

0 

+1 

012 

+12 

68 

d(-) 

20 

250 

1 

0710 


5315 

2 

o 

to 

1 

889 

45 

0 

-1 

027 

-12 

68 


0 SS4 N hydrochloric acid (c = 8) 


/(+) 

20 

164 

1 


2 


7 

912 

7 

643 

0 

SO 

+4 

745 

+14 

99 

(+15 

00) 

d(-) 

20 

160 



2 

0712 

7 

916 

7 

641 

0 

50 

-4 

763 

-15 

01 

(- 

-15 

02) 

K+) 

20 




2 

BWili 

7 


7 

643 

15 

0 

+4 

427 

+14 

02 

(+14 

03) 

(i(-) 

20 




2 

0712 

7 

897 

7 

641 

15 

0 

-4 

423 

-14 

00 

(- 

-14 

01) 

^(+) 

26 

293 



2 

liHili' 

7 

873 

7 

643 

25 

0 

+4 

234 

+13 

45 

(+13 

46) 

d(-) 

26 

293 


1 i 1 : 

2 

0712 

7 

877 

7 

641 

25 

0 

-4 

220 

-13 

39 

(- 

13 

40) 

K+) 

26 

383 


0271 

2 

[iwili] 

7 

846 

7 

643 

35 

0 

+4 

037 

+12 

86 

(+12 

87) 

d(-) 

26 

383 


E 2 ^ 

2 

0712 

7 

851 

7 

641 

35 

0 

-4 

029 

-12 

83 

(- 

12 

84) 

((+) 

26 



RSI 

2 

1 ^ 

7 


7 

643 

45 

0 

+3 

848 

+12 

31 

(+12 

33) 

d(-) 

26 

486 


B 

B 

III 

7 


7 


45 

0 

-3 

841 

-12 

28 

(- 

12 

30) 


0 502 N hydrochloric acid (c = 4 5) 


((+) 

26 

193 

1 

0205 

1 

1751 

4 

486 

1 4 397 

0 50 

+2 639 

+14 71 

d(-) 

26 

■Eli 

1 

1 m 

1 

1770 

4 

494 

IggfoB 

0 50 

-2 639 

-14 68 

K+) 

26 

239 

1 

S I 

1 

1751 

4 

478 

4 397 

15 0 

+2 455 

+13 70 

d(-) 

26 

236 

1 


1 

1770 

4 

486 

ilETI 

15 0 

-2 575 

-14 35§ 

l(+) 

26 

293 

1 


1 

1751 

4 

469 

4 397 

25 0 

+2 342 

+13 10 

d(-) 

26 

293 

1 


1 

1770 

4 

476 


25 0 

-2 336 

-13 05 

l(+) 

26 

384 

1 


1 

1751 

4 

454 

4 397 

35 0 

+2 245 

+12 60 

d(-) 

26 

376 

1 


1 

iwil 

4 

462 

ggliTl 

35 0 

-2 237 

-12 53 

K+) 

26 

488 

1 


1 

1751 

4 

436 

4 397 

45 0 

+2 132 

+12 01 (+12 02) 

d(~) 

26 

475 

1 


1 


4 

446 

4 401 

45 0 

-2 140 

-12 03 







0 228 N 

hydrochloric acid 

c = 2) 


K+) 

26 

041 

1 

0095 

0 

5303 

2 

034 

2 017 


+1 152 

+14 14 

d(-) 

26 


1 




2 

1 : m 

2 018 

BkI] 

-1 153 

-14 13 

K+) 

26 


1 



5303 

2 

ill 

msM 

15 0 

+1 083 

+13 31 

d(-) 

26 


1 



EwimI 

2 

SIS 

2 018 

15 0 

-1 133 

-13 91§ 

i(+) 

26 

126 

1 

0062 

0 

5303 

2 

B 


25 0 


+12 72 
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Table II — Concluded 


Alanise 

isomer 

Solution i 

i 

Sample 

1 

Solute 

Tern 

pera 

ture 

! 

o (observed 
optical 
rotation) 

Ml 

(specific rotation)! 



c (per 
100 cc 
solution) 

p (p« 
100 rm 
solution) 

0 22S N hadrocliloric acid (e= 2 ) — continued 






rm 

x« 

am 

X 


desrtes 


detrecs 

d(-) 

26 

126 

1 



5309 

2 

032 

2 


25 

0 

-1 

018 

-12 

52 

I(+) 

26 

209 

1 

SI 


5303 

2 

023 

2 


35 

0 


991 

+12 

24 

d(-) 

26 

209 

1 



5309 

2 

026 

2 


35 

0 


967 

-11 

93 

li+) 

26 

306 


Si 


5303 

2 

016 

2 


45 

0 


Erol 

+11 

66 

d(-) 

26 

306 

B 

9992 


5309 

2 

018 

2 

018 

45 

0 


923 

-11 

43 


Witer (c = 10) 


U+) 

26 

015 

1 

1 

0334 

1 

2 

6298 

10 

109 

9 

784 

0 

50' 

+1 

360 

+3 

363 

(+3 

349) 

d(-) 

26 

087 

1 

0349 

2 

7297 

10 

464 

10 

109 

1 0 

50 

-1 

423 

-3 

400 

(-3 

340) 

l(+) 

26 

063 

1 

0315 

2 

6298 

:10 

090 

9 

784 

15 

0 

+1 

125 

+2 

787 

(+2 

775) 

d(-) 

26 

130 

1 

0332 

2 

7297 

llO 

447 

10 

109 

1 15 

0 

-1 

178 

-2 

819 

(-2 

761) 

i(+) 

26 

131 

1 

02S8 

2 

6298 

10 

064 

9 

784 

25 

0 

+0 

974 

+2 

420 

(+2 

412) 

d(-) 

26 

206 

1 

0302 

2 

7297 

10 

416 

10 

109 

25 

0 

-1 

022 

-2 

453 

(-2 

399) 

K+) 

26 

218 

1 

0254 

2 

6298 

10 

031 

9 

784 

35 

0 

+0 

807 

+2 

on 

(+2 

007) 

d(-) 

26 

290 

1 

0269 

2 

7297 

10 

383 

10 

109 

35 

0 

-0 

844 

-2 

032 

(-1 

982) 

U+) 

20 

318 

1 

0215 

2 

6298 

9 

992 

9 

784 i 

45 

0 

+0 

627 

1 +1 

609 

1+1 

570) 

d(-) 

26 

390 

1 

0228 

2 

7297! 

1 

10 

341 

1 

10 

109 

45 

0 1 

1 

-0 

667 

-1 

612 

(-1 

568) 


Water (c = 6) 


U+) 

26 026 

1 0203 

1 5897 

6 108 5 984 1 

0 5o! 

+0 690 

+2 824 (+2 810) 

d(-) 

26 095 

1 0208 

1 6328 

6 257 , 6 120 ' 

' 0 50' 

-0 697 

-2 785 (-2 752) 

U+) 

26 052 

1 0193 

1 5897 

6 102 1 5 981 

15 0 

+0 553 

+2 266 (+2 2o3) 

d(-) 

26 139 

1 0191 

1 0328 

6 247 6 126 

15 0 

—0 565 

-2 261 (-2 229) 

I(+) 

26 126 

1 0161 

1 5897 

6 085 I 5 984 

, 25 0 

+0 460 

+1 890 (+1 879) 

d(-) 

26 195 

1 0169 

1 6328 

6 233 1 6 120 ] 

25 0 

-0 464 

-1 861 (-1 831) 

1(+) 

26 203 

1 0134 

1 5897 

0 067 5 984 ! 

1 35 0 

+0 366 

+1 508 (+I 499) 

d(-) 

26 278 

1 0137 

1 6328 

0 214 1 0 126 

35 0 

-0 374 

-1 503 (-1 477) 

U+) 

26 307 

K0094 

1 5897 

6 043 ] 5 984 

45 0 

+0 201 

+1 080 (+I 074) 

d(-) 

1 26 379 

1 0098 

1 6328 

6 190 6 126 

45 0 

-0 272 

-1 099 (-1 074) 


' \11 rotations were measured with a 4 000 dm water-jaeketed pohrimefcr tu 
and a 0 01° Schmidt and Haensch precision polarimetcr \U solutions were prepare 
in a thermostat at the indicated temperatures \11 apparatus cmplo>cd in measur- 
ing aolumes and weights was accuratelj calibrated The observed optical rotations 
were considered reliable to 0 005° The accuracj of the recorded thermostat tcni 
peraturcs is ±10 per cent at 0 50°, ±0 7 per cent at 15 0°, ±0 4 per cent at -o i 
±0 3 per cent at 35 0’ and ±0 2 per cent at 45 0° 

t All densities were n easured at the recorded temperatures Ihe values 
■bold-faced type were assumed to be the same as those measured for solutions o 

antipode i . i f r c ■= 

} The spetihi rotalions shown in p irtiilhises ire tin \ dues tahiila y o 

2000,3 500,4 500 6 000 ind 10 00 by means of the factors shown in Tab c 

all other cases the c\perimentallj determined and the calculated \ dues an n cn 
§ This figure appears to be incorrect 
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determined m Miter at 25 0° bj' the gravimetric method previouslj em- 
Iiloj ed Tliese data are gi\ en in Table IV 
The “theoretical” solubihtj data given in Table IV were calculated on 
the assumption that the aqueous solution of the mi\ture contained at 
equilibnum 1C 50 gm per 100 gm of Mater of the alanme antipode Mhich 
Mas present in the mixture in excess of this previously determined average 
\aluc It Mas assumed, also, that all of the antipode, present in the mix- 
ture in an amount much smallei than its knoMTi solubihtj value m Mater, 


T^dlp hi 

SoluhUtics of l{-\-)~Alaninc and d(—)-Alamnc in Water at SS 0° {Authors’ Data) 


Excess solute 

Side from 

1 «htch equilibrium 
approached 1 

Time in thermostat 

1 

Solubility per 100 gm water 

l(*f) Alanme 

il(— ) Alanme 

per cent 


hrs 

mBKM 


20 

Cold 

24 



20 

It 

24 



20 

Hot 

48 



20 

11 

48 

16 485 


20 

Cold 

49 

16 503 


20 

<( 

49 

16 493 


20 

<1 

72 

16 507 


20 

it \ 

72 

16 554 


20 

1 it 

93 

16 478 

16 589 

20 

ft 

93 

16 512 

16 565 

20 

it 

93 

16 488 


20 

•• 1 

117 

16 497 


20 

ti 

117 

16 510 


20 

it 

117 

16 508 


40 

Hot 

48 

16 497 


40 

It 

48 

16 530 


40 

Cold 

48 

16 558 


40 

(( ' 

48 

16 453 

16 437 

40 

« i 

48 


16 430 

Arithmetic mean 

16 505 

16 490 


* Omitted in calculation of the mean value 


M as contamed m the saturated solution of the mixture The values git en 
under the heading “Theoretical (no dl)” Mere calculated on the assumption 
that the saturated aqueous solution of the mixture contamed no species 
of alamne other than the f(+) or d(— ) form The values given under the 
headmg “Theoretical {dl)” Mere calculated on the assumption that the 
solution contamed only l{+)- and df-alamnes 

It is evident from a consideration of the data given in Table IV that the 
saturated solutions of mixtures of f(+)- and d(— )-alamne contamed at 
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equilibnum at 25° little, or no, dl-alanme It appears, therefore, that the 
alanine antipodes do not undergo appreciable association under the ob 
served expenmental conditions even though, according to Dalton and 


Solubility of Mixtures of l(,+)-Alanine and d{—)-Alanine in TFa<er at SB 0° 
{Attlhors* Data) 


Table IV 


Solubility of mixture per 100 gm water 


Composition of mixture 


H+) 

Alanme 

Alanme 

Wster 


1 6172 

tm 

8 93 



8 93 

0 0817 

1 6518 

8 93 

0 0965 

1 8340 

8 93 

1 6172 


8 93 

1 9112 


8 93 

1 5518 


8 93 

1 8340 


8 93 


Experimental 

Theoreti 
cal (no 
dl) 

(fl) 

Individual 

Average 


tm 

jm 

jm 

IE 

793 

16 72 

16 68 

m 

643 



16 

837* 



16 

705 

16 73 

16 72 

16 

757 



17 

010* 

j 


17 

416 

17 43 

17 42 

17 

403 



17 

477 



17 

471 

17 45 

17 58 

17 

428 



17 

450 



16 

669 

16 69 

16 68 

16 

582 



16 

816 



16 

662 

16 71 

16 72 

17 

006* 



16 

758 



17 

343 

17 38 

17 42 

17 

440 



17 

358 



17 

522 

17 52 

17 58 

17 

505 



17 

537 




Difference 

between 

experimental 

and 

tbeoreucal 

(fl) 

Theoreti 

cal 

tdl) 

ib) 

Difference 

between 

experunenUl 

and 

theoretical 

ib) 

Ptr ccnl 

noi 

per cent 

0 24 

16 87 

0 89 

0 06 

16 93 

1 2 

0 06 

18 33 

50 

0 74 

18 66 

6 7 

0 06 

16 87 

1 1 

0 06 

16 93 

I 3 

0 23 

18 33 

5 3 

0 34 

18 66 

0 3 


* Omitted in calculation of the average value 

Schmidt (34), dZ-alanme exists as a racemic compound m the crystalline 
state as well as m aqueous solutions of the crystaUme matenal 
From a consideration of all of the foregoing observations it may be con- 
cluded that the authors’ alanme antipodes had identical specific rotations 
and solubihties and that they were of high purity 
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Evalmtton of Spcafic Rotations of l(+)‘Alanine and d(—)-Alanine Reported 

tn Literature 

The specific rotations of ^(+)-alaninc and d(— )-aIanine reported in the 
literature and the authors* * * § values for these antipodes are given in Table V 

Table V 


Specific Rotaitons of l(’{-)-Alantnc and d(— )-AlaniBC* (from Literature) 



c (solute 
per 100 
cc solu 
tion) 

Sohent 1 

Polari 
metric 
tube 1 
length 

Temper 

ature 

a (observed 
optical 
TOiaiion) 

la 

(speciSc 1 
observ 
pera 

Literature 

Id 

'otation at 
ed tem 
ture) 

Present 
authors ^ 

Biblio 
graphic 
refer 
ence No 


fm 



mm 

deirea 

deirees 

degrees 


li+)- 

5 790 

0 97 ^ HCl 


19 

+1 70 

+14 7 

t 

36 

Alamno 

8 390 

0 93 “ " 


in 

+2 40 

+14 3t 

+14 1 

36 


1 781 

3nHCI 


20 


+9 7 

t 

35 


1 781 

0 2 N HCl 


20 


+7 3 

t 

35 


6 09 

0 68 “ " 

1 

20 

+0 82 

+13 5t 

+13 6 

6 


6 25§ 

0 70 “ " 

1 

1 20 

+0 84 

+13 57 

+13 6 

13 


6 44 

0 72 " " 

1 

20 

j +0 85 

+13 2 

+13 6 

6 


7 40 

0 83 “ “ 

1 

20 

+1 07 

+10 3 

+13 7 

38 


8 27 

1 N HC! 

1 

20 

+0 97 

+11 7 

+13 7 

39 


1 781 

0 1 N HCI 


20 


+3 9 

t 

35 


1 781 

0 02 “ “ 


20 


+1 9 

t 

35 


S 99 

6nHC1 


25 

+1 64 

+13 7 

+14 1 

40 


1 225§ 

6 “ “ 


30 6 

+0 295 

+12 0 

+13 2 

II 


6 3G0 

0 72 N HCl 

1 

20 

+0 87 

1+13 77 

1+13 8 

12 


3 070 § 

1 N HCl 

1 

20 

+0 63 

+14 6 

t 

20 


10 3 

Water 

2 

22 

+0 55 

+2 7 

+2 58 

12 

d(-)- 

6 7801 

0 76 N HCl 

2 

20 

-1 85 

-13 657 

-13 62 

13 

Alamne 

7 240§ 

0 81 “ “ 

2 

20 

-2 10 

-14 52 

,-13 65 

38 


I 344§ 

6nHC1 

2 

30 4 

-0 392 

-14 6 

-13 3 

II 


8 721 § 

0 88 N HCl 

1 

20 

-0 68 

-9 SO 

t 

16 


3 I30§ 

1 N HCl 

2 

20 

-1 28 

-14 5 

t 

20 


6 53§ 

0 83 N HCl 

2 

20 

-1 81 

-13 637 

-13 60 

14 


8 8§ 

Water 

1 

20(7) 

-0 21 

-2 38 

-2 44 

13 


* Specific rotations given for Z(4')-ntaBine in alkaline solutions by Lutz and Jir- 
gensons (35) and in acid and water at 5461 A by Clough (36) and Barrow and Fergu- 
son (37) were not considered 

t The specific rotation could not be determined with satisfactory accuracj from 
the present authors’ data 

t These values and those of the present authors given in the adjoimng column 
differ by an amount within, or slightly beyond, the probable experimental error 

§ Antipode obtained by resolution All other forms were isolated from protein 
sources 

II Dunn, M S , Butler, A W , and Naiditch, M J , unpublished data 
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The latter vere determined bj means of the factors (guen m Tables VI 
and VII) vhich vere derived by the interpolation of families of cun’es 
drarni from plots of the authors' expenmental data given in Table II 
These estimated specific rotations are considered to he accurate with a 
probable error of less than 1 per cent 
It maj be noted thatonly six of the twenty-tlireev alues from the literature 
coincide mthin, oi slightly beyond, the probable expenmental error, wth the 
specific rotations estabhshed by the present authors It is significant, also, 
that the remaming values from the hteratuie could not be evaluated 


Table VI 

Influence of rcmpcralUTe on IoId of J(+)-Aianine and d[~)-Alanine 


Solvent 

Jilolcs 

acid 

P^f 

mole 

ammo 

acid 

P (solute 
per 100 gm 
solution) 

Tem 

pera 

Cure 

Tange 

Tempetatute cocIBcicnt 

15 

20 

25* 

30* 

<0* 



gm 

c 






4 82 N HCl 

21 

2 

0-45 



-0 069 



5 07 “ " 

26 

2-10 

25 



-0 060 



5 97 “ " 

15-5 

3 5-tO 

(M5 

-0 073 

-0 071 

-0 069 

j 


7 25 " “ 

32 

2 

0-45 

BEffi 


-0 060 


m R 

0 228-0 SS4 N HCl 

1 

2-7 5 

0-45 

BH 


-0 057 

1 1 


IVater 


6-10 

0-45 

BB 


-0 040 

Q j 



Table VII 


Influence of Solute Concentration on la]o of H+)-Alamne and d(,—)-Alomne 


SoU eat 

Temperature laogc ' 

i 


Conccntrjuon isnEe (f) 

Water 

C 

(MS 

0 13 

6-10 

6^ HCl 

i 0-45 

i 0 09 

3 5-10 

6 “ " 

25 

0 09 

2-10 


*■ Change in specific rotation per gm change in concentration of solute 


With satisfactory accuracy, because it is extremely difficult to measure 
rotations mth high precision at low concentrations of solute and acid In 
these expenmental regions, the rotations change markedly mth minute 
changes in concentration of solute and acid 

It IS considered to be of the utmost importance that measurements o 
optical rotation of ammo acids be made under conditions such that t e 
calculated specific rotations will have at least three significant 
Othcni ise, optical rotations are practically valueless as a entenon by v m 
the degree of puntv of an ammo acid maj be determined 
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It IS clesinblc to mention here tint Levj and Palmer (21) have called 
attention to a misinterpretation In Dunn (41) of the specific rotation data 
of Pacsu and Mullen (20) In this statement, “Pascu and Mullen give 
[o(]^ = +10 33° foi K+) alanine and —10 30° for d(— ) alanine in 1 n 
HCl,” it was assumed that these values referred to the specific rotation of 
the “free base” alanines in 1 n HCl In leahtj, these values are those 
calculated for the alanine Indrochloiides Because their rotations for the 
alanine antipodes were numericallj larger than the \alues reported by 
Fischer (13), Pacsu and Mullen concluded that “the separation of the two 
forms was more perfect in the method now given” and it was inferred that 
the} had prepared the alanines m a state of punty higher than that of 
Fischer’s products The present authors were not able to corroborate this 
vnew Instead, tliej give cv idencc in the present paper w hich appears to 
prove the high puritv of both of Fischer’s alanines Fuithermore, it 
seems true from the data m Table Y that the specific rotations reported by 
Pacsu and iMullen should hav’c been smaller than those found bj Fischer 
These authors stated that their v alues w ere obtained “under similar condi- 
tions” to those of Ftscher and that, “Concentration apparently has no 
significant effect on the specific rotation of alanine itself ” It may be 
noted, however, that the concentrations of solute per 100 cc of solvent 
emplojed bj' Fischer were more than twice those of Pacsu and Mullen, 
while the present authors hav e shown that specific rotations of the alanines 
decrease m magnitude significantly with decreases in concentiation of 
solute 

It IS not possible to evaluate the reliability of the specific rotations re- 
ported by Levy and Palmer, inasmuch as these authors failed to stipulate 
some of the essential conditions 


SUMMARY 

f(+)-Alanine and d(— )-alanine have been prepared m a state of high 
punty by resolution of dZ-alanine and lecrjstalhzation of the antipodes 
It has been shown that these isomers had identical specific rotations and 
solubilities wathin the limits of small percentage errors The specific rota- 
tions of the alanine antipodes giv^en in the literature have been evaluated 
by means of temperature and solute concentration factors derived from the 
present authors’ data 
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PREPARATION OF SHEEP PITUITARY GONADOTROPIN AND 
RECO^rERY OF THE LACTOGENIC HORMONE* 

Bt \y II McSHAN AND ROLAND K MEYER 
{From the Dcpartmcnl of Zoology, University of H'^isconstn, Madison) 

(IJcccived for publication, June 24, 1943) 

In vanous methods that have been reported for the preparation of 
pituitary gonadotropin, such as those of Jensen, Simpson, Folksdorf, and 
Evans (1) and Chow, van Dyke, and Creep (2), the active matenal is ob- 
tained either by precipitation mth orgamc hquids or by salt precipitation, 
after uhich the gonadotropin or gonadotropms are separated from the 
precipitate However, Fevold, Lee, Hjsaw, and Cohn (3) fractionated an 
aqueous extract of fresh sheep pitmtary glands by dialysis ivith ammomum 
sulfate solution, and Cartland and Nelson (4) purified the gonadotropm of 
pregnant mare serum by precipitatmg the mert matenal with acetone which 
left the hormone m solution 

This report is concerned with the presentation of a method for the pun- 
fication of sheep pituitary gonadotropm which is similar to the latter two 
methods in that mert matenal is separated from an aqueous extract by the 
use of buffers dunng dialysis Subsequently the major part of the gonado- 
tropm IS recovered from the solution m concentrated form The final 
product IS free of lactogemc hormone, and the greater part of the latter ac- 
tivity can be recovered by alcohohe extraction of the residue The bio- 
logical assay and the solid, carbohydrate, mtrogen, and protem contents of 
a number of preparations obtamed by this method are also given 

EXPERIMENTAL 

A stock solution of acetate buffer of pH 4, m m sodium acetate and 4 1 
M m acetic acid, was diluted 1 14, and 0 14 m dibasic sodium phosphate 
solution was diluted 1 fiandl 12 for dialytic purposes Cellophane tubing, 
28 mm m diameter, for use m dialysis was obtamed from E H Sargent and 
Company Whole sheep pituitary powder obtamed from The Wilson 
Laboratones and acetone-dned antenor lobes of sheep were used The 
quantities of matenals given m the followmg procedure are for use with 100 
gm of pitmtaiy powder, but the method has been used successfully with 
500 and 600 gm lots 

Method of Purification — Sheep pituitary powder was mixed with water m 
the ratio of 1 gm to 10 ml , cooled, and shaken for 10 hours 2 ml of 

* Supported in part by a grant from the Wisconsin Alumm Research Foundation, 
and in part by grants from Eh Lilly and Company and the Abbott Laboratones 
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toluene ^\ere added as presen'ative The mLxture uas centrifuged and the 
residue w as extracted a second time in the same u a} The two extracts 
M ere combined to form Fraction A Residue L contained the major part of 
the lactogenic activity and was retained 
Fraction A was adjusted to pH 5 bj' dialjsis of one-fourth of its lolunic 
against dilute acetate buffer of pH 4 for 30 minutes, at which time the 
dial 3 'zed part was mixed with the three-fourths that was not diahzcd 
Usuatlj’’ the dialysis had to be repeated foi tw o shorter penods of time in 
order to complete the adjustment of the solution to pH 5 
The precipitate that formed at pH 5 was recovered bj centrifuging It 
w as w ashed with 100 ml of w ater by shaking w itli glass beads, and centn 
fuged to give Fraction R The clear supernatant liquid was added to 
Fraction B, soluble at pH 5 

Fraction B was adjusted to pH 4 bj' dialysis against dilute acetate buffer, 
and the precipitate was reemered from the soluble Fraction C bi centn 
fugmg It was suspended in 75 ml of distilled water and dissolved In 
dialy sis agamst 1 6 phosphate solution, after which it was again adjusted to 
pH 4 by diatysis against the acetate buffer The precipitate that formed 
was recoaered by centrifuging and reprecipitated twace, after which it was 
again dissolved and designated as Fraction P The three soluble fractions 
obtamed at pH 4 were added to the soluble Fraction C 
Fraction C was dialyzed against distilled water for 24 hours, during 
which tmie four changes of wmter were made A light precipitate formed 
w hich w as reco\ ered by centrifuging and designated as Fraction D 
The dialy zed soluble fraction was treated with 4 5 volumes of cold 95 per 
cent ethyl alcohol, and cooled overmght A 6ne precipitate formed winch 
w as recovered by centrifuging, or, if there w ere large quantities, by super 
centrifugation It was dissolved m 40 ml of water by dialy^sis against 
1 12 phosphate solution, after which it was adjusted to pH 4 by dialysis 
against dilute acetate buffer diluted 1 1 and then dialyzed against three 
changes of distilled water and centrifuged If any precipitate was ob 
tamed, it was dissolved m 10 ml of water and reprecipitated as aboie 
The 1 esultmg supernatant liquid w as added to the onginal and the imxture 
then dialyzed agamst 1 12 phosphate solution This solution contained 
the gonadotropin, which was recovered m the dry form by thelyophile 
process 

The adjustment of Fraction A to pH 5 and the resulting soluble Fraction 
B to pH 4 can be accomplished by dialy^sis agamst 0 03 n HCl Howei er, 
this alteration m the above procedure w as not studied m detail 
The nitrogen content of the preparations was determmed by' a modi ra 
tion of the nuciomethod of Johnson (5), and the carbohydrate by 6 
carbazole method of Gunn and Hood (6) The mtrogen values w ere mu i 

phed by 6 25 to obtam the protein values 
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Rccoicry of Laclogcmc Homwnc — ^The major part of the lactogemc 
liormonc of the original pituitary powder was recovered from Residue L of 
Fraction A by the method of Bates and Riddle (7) except that extractions 
were made at pH 10 with 75, 78, or 80 per cent ethyl alcohol m place of 
70 per cent 

The lactogenic hormone w os extracted also from pituitar}' powder by this 
procedure bcfoic the gonadotropin was removed by aqueous extraction 
A gieat part of the gonadotiopm was recovered m the crude form by 
aqueous axtraction of the residue that remamed after the alcoholic ex- 
traction Howc\ei, it was not possible to purify leadilj the gonadotropin 
of this extract by the method outlined above 

Assay Procedures — The preparations and side fractions were assayed m 
21 daj-old female rats The total amount of material was dissolved in 4 5 
ml of water and given in rune injections of 0 5 ml each begmning on the 
afternoon of the 1st day and followed b}' morning and afternoon mjections 
the next 4 days Autopsy was performed dunng the morning of the 6th 
day The ovaries were remoied, exammed for the presence of folhcles and 
corpora lutea, and weighed 

The same procedure w as used m testing the fractions for luteimzmg ac- 
tivitj If a particular fraction did not stimulate the ovaries of immature 
rats when given alone but produced corpora lutea when given m combma- 
tion with folhcle stimulatmg hormone, it w as considered to contam lutem- 
izmg activity The method of Evans et al (8) was used in testing the 
fractions for inhibitor 

Assay of the fractions for lactogemc hormone was earned out by makmg 
shallow^ injections mto the pectoral muscles of adult pigeons twice daily for 
4 days The birds were killed on the 5th day, the crop glands were re- 
moved immediately and w'eighed, and the degree of stimulation noted 

DISCUSSION 

Aclmty of Different Fraction^The mcrease m the weight of the ovanes 
from the normal value of 13 mg to the average weights given m Table I 
serves as a quantitative measure of the gonadotropic activity of the fractions 
obtamed at each step in the procedure Fraction A, the soluble Fractions 
B and C, and Fraction F w ere tested, each m a dose of 100 mg > The ovanes 
produced by each of these fractions had an average weight of 111, 10^ 111, 
and 113 mg respectively These results show that there w'as httle differ- 
ence m the activity of these fractions and that there was httle activity ost 
dunng the fractionation process However, Fractions R and P did contem 
some lutemizmg hormone, but there was ample luteimzmg actmty ® ^ 
the punfied preparation to augment the action of the follicle-stimulating 

^ All doses are given in mg equivalents of pituitary powder 
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hormone and produce corpora lutea Furthermore, considerable inhibitor 
found m Fractions R and P -aas separated from Fraction F, and this maj 
account m part for the high actintv of the purified preparation 

The presence of lutemizing actmt 3 ' m Fraction R Mas shoivn by the fact 
that doses of 500 mg and 1 gm gave ovanes ha^^ng an average m eight of 19 
and 22 mg respectively, vhile, when 500 mg were given vith 500 mg of 


Table I 


GonadotToptc Content of Fracltons Obtained during Purification 


Fraction* 

kind of fraction 


No of 


Ovanes 

dose 

rats 

Average 

weight 

Qualitative response 



nst 


ms 


A 

Aqueous extract 

100 

23 

111 

Man} corpora lutea 

B 

Portion of A soluble 
at pH 5 

100 

12 

105 

tt tt tt 

C 

Portion of B soluble 
at pH 4 

100 

19 

111 

tt It It 

F 

Punfied 

100 

47 

113 

Few “ “ 

R 

Portion of A insol- 
uble at pH 5 

500 

15 

19 


fl 

tt tt 

1000 

3 

22 


FSH 

FSH50689 

500 

24 

68 

Onl} follicles 

R + FSH 

Portion of A insol- 
uble at pH 5 

500 each 

8 

116 

Many corpora lutea 

P 

Portion of B insol- 
uble at pH 4 

500 

13 

18 


tt 

tt tt 

1000 

10 

24 


“ -h FSH 

II II 

500 each 

16 

102 

Man} corpora lutea 

D 

Insoluble portion of 
C dial} zed at pH 4 

100 

9 

16 


if 

II It 

200 

3 

14 


it 

tt tt 

500 

15 

61 

Few corpora lutea 


It It 

1000 

3 

79 

{( tt ** 


* Fractions A B, and C from one fractionation had a non dialyzablc solid content 
of 88 8, 70 9, and 24 mg respectiielj per gm equivalent of pituitarj ponder The 
average value for the protein content of nine F fractions was 4 25 mg per gm 


t Indicates mg equiialents of pituitarj ponder 


foUicle-stunulating hormone, ovanes contammg manj' corpora lutea an 
ha\ang an aterage weight of 116 mg were obtained Similar! j the data 
show that Fraction P was essentiallj’’ inactive when mjected alone and t a 
it produced corpora lutea when given with follicle-stimulating hormone 
Fractions D show ed some vanation m actmtj’’ but on the average con 
tamed onlj’’ a relatively small amount of activitj, as no stimulation was 
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produced by 200 mg , while 500 mg produced ovanes that had an average 
weight of 61 mg 

Purified Prcparaltons — The assays of the individual purified preparations 
together with the carbohydrate expressed as glucose, the dry weight, and the 
mtrogen and the protein content of 100 mg equivalents of origmal pituitary 
pow der are given in Table II This method of expressmg the results shows 
the amounts of each of these substances contained in the total dose of 
hormone required to produce ovanes having the average weights given m 
Table II These results show that the purified preparations are high m ac- 


Table II 

Atsay and Analysts of Purified Fraciions 


Fraction No 

Total dose 

Analj ses m terms of total dose 


Q 

Dry weight 

Nitrogen 

Protein 

Carbohydrate 
as glucose 


mt 

mr 

7 

fr»f 

ms 



P65t 

100 

0 44 

so 3 

0 31 

0 019 

5 

65 


125 





6 

80 


200 





6 

134 

F66 

100 

0 70 

96 7 

0 60 

0 087 

6 

126 

(1 

SO 





6 

62 

F58t 

100 

0 65 

07 4 

0 42 

0 036 

9 

58 

(I 

200 





3 

138 

F68 

100 

0 77 

67 7 

0 42 

0 106 

8 

121 

F71 

100 

0 90 

68 0 

0 42 

0 057 

6 

94 

F72 

100 

0 84 

46 4 

0 29 

0 062 

9 

107 

F73 

100 

1 00 

59 4 

0 37 

0 062 

6 

108 

F74 

100 

1 15 

94 3 

0 59 

0 098 

6 

127 

F75 

100 

0 52 

66 3 

0 41 

0 044 

6 

106 


* Indicates mg equivalents of pituitary pon der 
t Made from whole pituitary powder 


tmty and they contam on the average only 0 425 ± 0 032 per cent protem 
m terms of the weight of the ongmal pituitary poivder 

The average ovanan weights produced by 100 mg of Fi actions F55 and 
F58 which were prepared from whole sheep pituitary powder were smaller 
than those produced by the same dose of the other preparations that were 
made from antenor lobe powdei These two preparations also had a 
smaller carbohydrate content than any of the other preparations 
Fractions F71, F72, F73, and F76 were sumlar in activity, and their pro- 
tem and carbohydrate contents were constant Fractions F56, F68, and 
F74 produced ovanes that had an average weight of 126, 121, and 127 mg , 
respectively, and were also higher m protem and carbohydrate 
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The purified gonadotropic preparation is highl3 soluble in water or buffer 
solution, as slion-nbj the fact that 20 gm equnalentsorlSlmg of Fraction 
F76 inth the exception of 2 mg dissolved m sufficient buffer to give 1 ml of 
solution The small amount of insoluble matenal vas i\ ashed, dned, and 
tested in the immature rat It contained httle, if anj', activity, as 10 gm 
equivalents produced ovanes that had an aaerage v eight of only 14 rag 
The preparations contam onb' a ety small amounts of serum proteins as 
compared to iinpuiified preparations, as shomi by the precipitin reaction 
The} are antigenic, however, m the sense that antigonadotropic factor is 
produced m the blood of rabbits on injection of the preparations daily for 
3 weeks 

Tlie method can be repeated wath consistent results, as shown by the fact 

Table III 


Assay of Fractions for Gonadotropic and Lactogenic Activities 


Fraction 

Assay 

Rat 

Pigeon 

Tatil do ejAo ol ralsj "o'vlne5°' 

Total dose 

\o of 
birds 

Crop glands 

A\ erage 
weight 

Qualitative response 

A 

F122 

LR201 

ms • 

100 1 23 

1 

100 I 6 

200 4 

500 1 3 

mi 

... 

110 

13 

16 

">£' 

100 

200 

600 

500 

100 

200 

3 

3 

8 

3 

tm 

1 49 

1 48 

3 16 

1 69 

4 00 

5 58 

Not stimulated 

II II 

Stimulated 

Not stimulated 
Stimulated 

ii 


• Indicates mg equivalents of pituitary powder 


that it has been used m makmg more than twentj preparations It is im 
portant to pomt out, how ever, that this method is not satisfactory if Frac- 
tion A, B, or C IS precipitated with acetone at anj*^ stage of the procedure 
The concentration of the activity with ethjd alcohol is the onij' case in which 
an orgamc liquid is used 

Separation of Lactogenic Hormone — ^Fraction A from which the gonado- 
tiopic preparation was made did not show lactogemc actmtj in doses of 
100 and 200 mg but 500 mg stimulated the crop glands of pigeons as shown 
m Table III How ever, the crop glands w ere not stimulated by 500 mg of 
the purified gonadotropic preparation. Fraction F122 These results 
demonstrate that the small amount of lactogenic actmty contained in the 
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crude Fraction A nos separated from the gonadotropm dunng the frac- 
tionation process 

The major part of the lactogenic hormone activity of the pituitary 
poll del was recovered from the residue of Fraction A by ev-tracting it with 
75 per cent cthjl alcohol One of these lactogenic preparations, Fraction 
LR201, had a solid content of 32 mg per gm of onginal pitmtaiy powder 
and was relativel 3 '’ free of gonadotropic activity, as showna by the data of 
Table III The solid content of these preparations was greater w'hen 78 or 
80 per cent alcohol was used 

Extraction of antenor lobe pow'der first with 75, 78, or 80 per cent alcohol 
at pH 10 removed the major part of the lactogemc activity with httle if any 
gonadotropic activitj’ Under these conditions the sohd content of the 
lactogenic fraction was low 'U'hen the residue from the alcohohe extrac- 
tion w ns extracted with w ater, a great part of the gonadotropic actintj' was 
recovered in the crude form, but the gonadotropm of this extract is not 
readilj' purified 

These results mdicate further that sheep pituitary gonadotropin is 
soluble in w ater and is extracted by it, but not by 75 to 80 per cent aqueous 
solutions of alcohol at pH 10, while the reverse is true for the lactogemc 
hormone In this connection Fleischer (9) reported recently that the 
lactogemc hormone of fresh pituitaiy glands m the presence of the proper 
concentration of acid is soluble m 95 per cent ethyl and 99 8 per cent methyl 
alcohol Under these conditions considerable mert protem was removed 
along with the lactogemc activity, while, as stated above, extraction of 
bheep pituitary pow'der wnth 75 to 80 per cent alcohol at pH 10 removes the 
hormone with a relatively small amount of inert matenal 

SUMMARY 

A method consistmg of simple procedures is presented for the preparation 
of sheep pitmtary gonadotropm bj’’ the ehimnation of mert material from an 
aqueous solution of the hormone The major part of the gonadotropic ac- 
tivity IS concentrated m the final product, which has a protem content of 
approximately 0 4 per cent of the weight of the ongmal pituitary powder 
The assays and the mtrogen, protem, and carbohydrate content of nme 
purified preparations are given 

The gonadotropin is obtamed free of lactogemc hormone, while the greater 
part of the latter activity can be recovered from the residue by extraction 
with aqueous alcohol 

The side fractions w ere relatively mactive, although two of these fractions 
contamed some luteimzmg activity, while a third stimulated the ovanes of 
immature rats when given m large doses 
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THE INFLUENCE OF PREVIOUS DIET ON THE PREFERENTIAL 
UTILIZATION OF FOODSTUFFS* 

I FASTING KETOSIS AND NITROGEN E\CRETION AS RELATED TO THE 
FAT CONTENT OF THE PRECEDING DIET 

Bt SIDNEY ROBERTS and LEO T SAMUELS 

(From the Division of Physiological Chemistry, Department of Physiology, University 
of hfinncsota Htcdical School, hfinncapolts) 

(Received for publication, August 21, 1943) 

Contradictory evidence has been presented ivith regard to the influence 
of the fat content of the diet and the amount of liver fat on the degree of 
fasting ketosis The studies of Deuel and his coworkers seemed to mdicate 
that these phenomena were interrelated (1) However, as MacKay later 
pointed out (2, 3), subnormal amounts of the high fat diets were consumed, 
so that protem mtake was also lowered This was reflected in a reduction 
in nitrogen e\cretion m fastmg animals previously fed high fat diets (1, 3) 
MacICay concluded that the degree of fasting ketosis was related only to the 
protem of the precedmg diet 

In the present senes of mvestigations, we have apphed to this problem the 
teohmque of feeding by stomach tube desenbed by Remecke, Ball, and 
Samuels (4) By this means, the fat content alone of the diet can be varied 
We have been able to show that the degree of fastmg ketosis is influenced by 
the fat content of the precedmg diet This is true even though protein 
mtake was adequate and constant, and mtrogen excretion was similar in all 
groups of expenmental ammals 

Malertals and Methods 

Adult male rats, obtamed from Sprague-Dawley, Inc , and weighing 
250 to 300 gm , were divided mto two groups havmg simdar weight ranges 
All animals were first fed a mixed diet by stomach tube, composed of equal 
parts of the high fat and high carbohydrate diets described m an earher 
report (5) 

After 4 days on this regime, by which time the animals had become ac- 
customed to this method of feedmg, one group was transferred to the high 
fat diet, the other to the diet high m carbohydrate The high fat diet was 
composed of 85 per cent com oil (on a caloric basis) and 15 per cent lactal- 

* This work was part of a thesis presented by Sidney Roberts to the Graduate 
School of the University of Minnesota in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy 

Aided by a grant from the John and Mary R Markle Foundation 
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bumm, the high carbohydrate diet of 83 per cent dextrin, 2 per cent com oil, 
and 15 per cent lactalbumm Both diets were supplemented ivith adequate 
quantities of vitamins and mmerals (5) Percentage absorption vas prob 
ablj' quite similar m the two groups (6) 

These semihquid diets were fed twice daily m equicalonc amounts (equal 
volumes) for a penod of 6 w eeks At the end of this time, all animals were 
placed m metabolism cages over funnels for the collection of unne, and 
feedmg was discontinued Free access to a 1 per cent salt solution was al 
lowed, to promote adequate diuresis Unne collections were made under 
toluene for the first and second 18 hours after the depnvation of food 
The unne filtrates were analyzed for total acetone bodies b\ the Van 

Table I 

Nilrogen and Acetone Body Excretion of Eats during Early Fasting after 6 llVcti on 
High Fat and High Carbohydrate Diets Fed by Stomach Tube 
All values are e\pressed as mg per sq dm of body surface per 18 hours 


High carbohjdratc 

High fat 

0-18 lus 1 

1 18-36 hrs | 

0-18 hrs 

1 18-36 hrs 

Awlcnc i 
bodies j 

Nitrogen 

1 

Acetone 1 
bodies 1 

\itroi»cn 

Acetone 

bodies 

Nitrogen 

Acetone 

bodies 

j Xiirogta 

0 2 

IG 0 

0 8 ' 

9 1 

8 9 

19 5 

24 0* 

9 7 

0 2 ' 

20 8 ' 

' 0 4 

19 5 

I 9 

20 8 

2 0 

12 5 

0 1 i 

17 8 

0 8 i 

13 0 

7 2 

21 0 ! 

4 6 

11 2 

0 1 

21 1 

1 0 0 

17 4 

10 0 

18 1 ! 

1 2 8 i 

13 1 

0 8 1 

! 11 2 

1 0 8 1 

12 6 

S 1 

20 3 

[ 1 2 i 

11 6 

1 




3 4 

15 2 

12 

8 0 

1 


i 1 


2 4 

1 

20 0 

18 

11 0 


* 1 his animal may have become diabetic It also exhibited a high blood sugar 
(160 to 175 mg per cent) However, urinary glucose n ns negligible at this time 


Slyke procedure (7), mtrogen was determined by the Kjeldahl method, the 
bone acid modification bemg employed (8) 

In another experiment, 200 gm rats of the same strain were maintained 
on the tube-fed diets for a penod of 3 w'eeks At the end of this time, thej 
were fasted 24 hours, and 5 cc of aortal blood were drawn under amjta 
anesthesia The animals were then sacnficed and liver weights obtmnc 
Total blood aeetone bodies w'ere determmed by the procedure of Van S y c 
and Fitz (9) 


Resulls 

Table I cleaily reveals the existence of a significant unnaiy ketosis 
the first 36 hours of fasting following 6 weeks on a high fat diet 
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ketosis IS e^ iclontly absent in similar animals previously mamtamed on the 
diet high in carbohjdrate Nitrogen excretion dunng this same penod of 
time IS uninnucnccd by tlie fat content of the preceding diet 
That this ketosis also extends to the blood is shown m Table II Ammals 
foreibly fed a high fat diet for 3 weeks and then fasted 24 hours exhibited a 
high lev'cl of blood acetone bodies No determinable quantities were 
present in the blood of carbohydrate-fed ammals Livers weighed more in 
the fat-fed group (Table II), and appeared grossly fatty 
In both axpenments, the range and average of the body weights were 
quite similar for fat-fed and carbohydrate-fed animals 


Table II 


Blood Acetone Bodies and Liver IVctghls of Rats Frciiously Forcibly Fed High Fat and 
High Carbohydrate Diets for S Weehs and Then Fasted Si Hours 


High carbob> drate 

High fat 

Blood acetone bodies 

Liver weichl per 100 gra 
body weight 

Blood acetone bodies 


nt cutone per 100 ec 


mg acetone per JOO cc j 


<1 

2 67 

8 8 i 

3 04 

<1 

2 74 

9 4 j 

3 46 

<1 

' 2 74 

6 7 

3 40 

<1 

2 56 

7 8 

2 78 

<1 

2 68 

6 1 

2 65 

<1 

2 67 

8 1 

3 02 

<1 

I 2 73 

7 3 

3 17 

<1 

2 72 

7 6 

2 98 


2 72 


2 83 


! 

i 


3 54 


DISCUSSION 

The results reported above show clearly that the degree of fastmg ketosis 
vanes with the fat content of the preceding diet as well as with the protein 
content In fat-fed ammals, the sigmficant blood and unnary ketosis was 
associated with a large hver, which was probably fatty (10) Body w eights 
were quite comparable m the animals fed high fat and high carbohydrate 
diets, as was also absorption of mgested food (6) 

Protem metabolism is apparently unaffected by the fat content of the 
diet, at least dunng subsequent fastmg Thus mtrogen excretion was the 
same m both groups of expenmental ammals 
Animals previously mamtamed on a high fat regime hav e been observ ed 
to spare carbohydrate in the earlier stages of fastmg The opposite situa- 
tion holds for carbohydrate-fed animals (5, 6, 10) The present mvestiga- 
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tion indicates that this phenomenon of “preferential utdization” is due to 
an mcreased combustion of fat in the former group Thus hver and muscle 
glycogen is used much more rapidly in the carbohydrate-fed group dunng 
early fastmg (6, 10) The presence of acetone bodies m the blood and unne 
of the group fed the high fat diet is apparently an index of accelerated fat 
metabolism This conclusion cannot be avoided in view of the fact that the 
basal metabohc rates of the two groups are the same (11), as are also the 
rates of glyconeogenesis from protem (mtrogen excretion data) 

Smce acetone bodies are apparently being used at a faster rate m those 
animals m which glucose utihzation is probably depressed, the classical 
hetolysis theoiy of Shaffer becomes untenable (12) 

Similar^, stnct antiketogenesis cannot hold, smce acetone body produc- 
tion was occumng at a rapid rate m the fat-fed ammals at a tune when hver 
glj cogen was not exhausted, and was, in all hkehhood, higher than m the 
’ II ^uiate-fed group (10) 

It seems probable that the phenomenon of fastmg ketosis can be con- 
sidered without direct regard to the utihzation of glucose Whenever fat 
metabolism is accelerated, as by fat feedmg or by fastmg, the production 
and utilization of acetone bodies may very well be mcreased Fasting 
ketosis then, as related to the nature of the precedmg diet, is a reflection of 
the phenomenon of preferential utihzation From this pomt of view, the 
fastmg ketosis noted after mamtenance on a low protem diet may be 
considered to be due to a compensatory acceleration of fat metabolism, be- 
gmnmg dunng feedmg and continuing over mto the early fastmg penod 

SUMMARY 

Adult male rats forcibly fed a high fat diet for 3 to 6 weeks exhibited a 
Eigmficant early fastmg ketosis This was absent m animals similarlj 
treated but fed a high carbohydrate diet Protem mtake and mtrogen 
excretion dunng fastmg were the same in both groups 

The ketosis n as evidenced by high levels of blood and unnaiy acetone 
bodies and large, grossly fatty hvers in the fat-fed animals 

Evidence is presented that fasting ketosis is a reflection of accelerated fat 
metabolism mitiated dunng feedmg and contmumg after the withdrawal o 
food This IS the phenomenon of preferential utilization 
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STUDIES ON THE MECHANISM OF DEAMINATION OF SERINE 
.VND THREONINE IN BIOLOGICAL SYSTEMS* 
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(From the Department of liiochcmistTp, College of Phystexans and Surgeons, 
Columbia Unti'crsiUj, New York.) 

(Rcccucd for publication, August 27, 1943) 


The biological fate of seriue is of particular interest, since this hydro’cy- 
amino acid maj be considered to form, m certam respects, a connecting link 
betw een the metabolism of proteins and that of phospholipids In a recent 
bnef communication from this laboratory ( 1 ) the mechanism of thedeamm- 
ation of serine by Baclcman coli w as discussed The present paper extends 
the experiments to the essential ammo acid threonine and offers a descrip- 
tion of the expenmental results obtained with both serine and threonme and 
the follow mg bacterial species Badenum colt, Clostridium welchu, Pseudo- 
monas pyocijanca, Proteus OX-19 A few orienting experiments with 
mammalian tissue arc hkewase included, but their detailed presentation wall 
be resented for a later publication 

With resting suspensions of Bacterium coh,wluch were very active mthe 
deamination of both d- and f-senne (2), dl-O-ethyherme, l-pliospboserine, 
and phosphatidj 1 senne from beef brain were not deaminated, dl-O-methyl- 
senne was attacked xciy slowly but, m contrast to senne, under aerobic 
conditions only The mhiintion of the deamination of senne on replace 
ment of the hjdroxjlic hydrogen atom suggests that the first step in the 
reaction involves the removal of the elements of water 
HOCH CH coon „ „ CH,— C COOH 

I I 

NH, NH, 


CH, C COOH 


NH 


CH, CO COOH + NH, 


Threonine would sumlaily be deaminated to a-ketobutync acid 
It IS obvious that if this formulation is correct, the fundamental equation 
for the oxidative deammation of ammo acids (3-6), air R CH(NH-) COOH 
+ fOi = R CO COOH -t- NH 3 , would, m this special case, have to here- 
placed by R CH(OH) CH(NHj) COOH = R CH. CO COOH + NH, 
It IS possible under smtable conditions, woth all the bactenal species ex- 
amined, to isolate pyrumc acid and a-ketobuly> ic aetd u> considerab e 

* This work has been supported by a grant from the John an'* Mary R MarKle 
Poundation 
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amounts m the form of their 2,4-dinitrophenylhydrazones as the deamina- 
tion products of senne and threonine respectivelj The postulate that the 
pathway of breakdoirn of these hj'drox} ammo acids differs from that of the 
other ammo acids is further strengthened by the findmg (2, 7), confirmed m 
this laboratorj’^, that senne is deammated bj' Badenttm coh under aerobic 
and anaerobic conditions, whereas alanine is attacked only aerobically* 
The experiments here discussed have, furthermore, generallj' shown that 
both senne and threonine are deammated anaerobically by all bactenal 
species examined Both d- and f-serme were attacked, a findmg ahead} 
reported for Proteus (9) and Pscudomotms pyocyanea (10) by Bemhenn and 
his collaborators 

A discussion of the transformations which the hydroxy ammo acids un 
dergo m the anunal organism wall be deferred to a later occasion It wall 
suffice to pomt out here that m the course of the present study cell free 
extracts from rat, mouse, and rabbit livers were obtained which, especiall} 
after the addition of to the thoroughly dial} zed solutions, attacked 

senne with liberation of appreciable amounts of ammonia under anaerobic 
conditions Like the bactenal preparations discussed aboi e, these extracts 
failed to deammate the O-ethers of senne The anaerobic formation of 
pyruvic acid from senne by a rat liver extract was demonstrated bv the 
isolation of the correspondmg 2,4-dmitrophen}lhxdrazone In contrast, 
kidney slices Imxe been found not to deammate senne under anaerobic 
conditions (5) 

The formation of a-keto acids from serme and threonme is analogous to 
the conversion of senne to pynixic acid by the action of hot acidic (11, 12) 
or alkalme (13) solutions or of acetic anhy dnde (14) The possible inter- 
mediate r61e of a-ammoaciy he acid m the production of py ruvic acid from 
senne has been lepeatedly discussed by Bergmann and his collaborators 
(15, 16) on the basis of m mtro experiments wath glycxlserme and alanxl 
senne - The findings on the breakdown of senne m biological systems here 
presented are m harmony with the news of Brand and his collaborators 
(19) and of Binkley and du Vigneaud (20) on the r61e of senne (or amino- 
acrylic acid) and its peptides as biological precursors of cysteine bv way of 
cystathionme 

The conception of a dehy dration as the primary step of attack on senne 
and threonme places the enzyme or enzymes performmg this task in the class 
of dehy drases ^ The most thoroughly studied representative of this group 

1 A review of the entire field of the bactenal breakdown of ammo acids will he 
found in an article by Gale (S) , - „ 

' Compare also the discussions by Dakin (17) and Aicolct (18) ota,P uns 
a-amino acids as hy pothctical biological intermediates 

1 This term is not to be confused with “dehydrogenases"~(cf (21)) 
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IS enolaso, which catalyzes the conversion of 2-phosphoglycenc acid into 
phosphopyru\ ic acid (22, 23) This enzyme is known to occur in Bac- 
terium coll (24) We jilan to compare the properties of the serme and 
threonmc dehjdrascs of bacteria and animal tissues with those of other 
dehj'drascs and to define more sharply the substrate specificities of the 
enzjTncs m question * 

EXPERIMENTAL 


Methods 


Substrates — Phosphatidyl senne was prepared from beef bram (26) 
The preparation used had the following analytical figures P 3 57, N 1 69, 
amino N 1 67, ammo acid N 1 37, iodine value 72 
A sample of l-phosphoscnnc was obtamed through the courtesy of Dr 
F Lipmann of the Massachusetts General Hospital, Boston dl-O-Meihyl- 
senne was prepared from the corresponding N-benzoyl derivative kmdly 
supplied by Dr H E Carter of the University of Illmois, Urbana The 
authors are mdebted to Dr V du Vigneaud for the dl-O-ethylsenne employed 
in these experiments dl-Senne and dl-lhreoninc were Merck products 
Bacterial Suspensions — Bacterium colt, Pseudomonas pyocyanea, and 
Proteus OX.19 were grown m Roux bottles at 37° on a medium composed of 
2 per cent of Bacto-tryptone (Difco), 3 per cent of agar, 0 5 per cent of 
sodium chloride, and 0 5 pei cent of yeast concentrate For the anaerobic 
cultivation of Clostridium welchn a similar medium, but noth the omission of 
agar, was employed The microorganisms were, after 20 to 24 hours 
grow th, collected m cold physiological saline, sedimented m a refrigerated 
angle centrifuge, and w ashed three times ivith ice cold saline 
Analytical Procedures— For the determmation of ammoma by the 
Nessler piocedure, an equal volume of a solution of 124 gm of HjBOj 
m no cc of N NaOH (27) was used to make the solutions alkalme and 1 
diop of n-decanol was added, the alkalme solutions were aerated, and the 
ammonia collected m 20 cc of water contammg 2 drops of 0 1 n HCl 
After the addition of the Nessler reagent, the solutions were brought to a 
volume of 25 cc and the color intensities estimated by means ^ ^ 

Summerson photoelectric colorimeter The xalues were ascertained roma 

standard curve obtamed in the same manner 
The oxygen consumption was determined in the customary manner m 

Warburg vessels 


< The enzymatic degradation of cysteine nith the forma ion o * ’ ^ aorn’ 
and pyruvic acid (25) exhibits many similarities with the reactions discuss 
The reversibility of the dehydration of P hydroxy -a amino acids, a c arac ens i 
other dehydrases, has not been tested, as the corresponding unsaturate amino ac 
are not available 
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A 0 6 to 0 8 per cent solution of 2,4-dmitrophenylhydrazme in 2 n HCl 
was employed for the precipitation of the keto acid hydrazones from the 
deprotemized solutions (28) Details iviU be found later m the paper 

Deamination by Baciena 

Attach on Various Substrates — Representative data on the aerobic and 
anaerobic deamination of a number of substrates by several bacterial species 
are summanzed m Table I It mil be seen that mth Bacterium coli dl- 

Taboe I 

Deamtnalion of Hydroxyamtno Acids and Their Derivatives hy Baelena 

The Warburg vessels in each experiment contained I cc of the bacterial suspension 
(corresponding to a dry weight of S to 6 mg ), 1 oc of 0 1 m phosphate buffer of pll 
7 5, and 1 oc of substrate solution containing 168 y of substrate N The vessels were 
shaken in the thermostat at 38° in the presence of air or, in the anaerobic cxpen 
meats, of Oi free nitrogen for the periods indicated in the first column At the end 
of each experiment the vessel contents were immediately acidified The figures have 
been corrected for NHa produced in the absence of substrate, as determined in control 
experiments 


Spectes 

Substrate 

Anunoni 

Aerobic 

1 nitrogen 

Anaerobic 



7 

T 

Bacleriim coli (1 hr ) 

dl Serme 

127 

C8 


1 Serme 

131 



di-Threonme 

73 

42 


1 Phosphosermc 

0 



Phosphatidyl serme 

0 



dl-0 Mcthylserme 

23 

0 


df-0-Ethylserine 

0 

0 


dl-Alaninc 

IM 

0 

Pseudomonas pyocyanea (90 

dl Serine 

m 

20 

mm ) 

dl Threonine 


75 


df-Alanine 

124 

0 

Proteus OX-19 (90 mm ) 

dl Serine 

125 

97 


df-Threonine 

117 

20 


serme vas deammatcd as rapidly as vas the I isomer With the exception 
of 0-methyIserme which was attacked very slowly, but only under aerobe 
conditions, none of the 0-substituted compounds was deaminated a 
Alanme was attacked only under aerobic conditions, whereas the hydro'Q- 
ammo acids vere deammated anaerobically also, although at a slower ra e 
Table II offers a comparison between oxygen consumption and ammonia 
production mth serme and alanme as substrates If pyrunc acid is e 
deammation product of both ammo acids, the oxidative deamination o 
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alanine os compared with the breakdown of senne should manifestly require 
the uptake of 1 additional oxygen atom A comparison of the O2 NHj 
ratios for senne and alnnme given m Table II shows this to be approximately 
the case 

hoJation of Kelo Aads As Deamination Produefs— Between 3 and 4 gm 
of w ct bactena w ere suspended m w ater to give a total volume of 25 cc , and 
the suspension w as shaken w ith 5 cc of toluene for 5 to 10 mmutes Most 
of the toluene could be remo\ cd at this point, but this proved unnecessary 
The bactcnal suspension w as added to a solution of the amino acid in 25 
cc of 0 1 M phosphate buffer of pH 7 5 and the mixture shaken m the 
presence of air or, in the case of Closlndtum welchit, of nitrogen for 2| hours 
at 38° After ccntnfugation G to 10 cc of 30 per cent tnchloroacetic acid 
were added to the supernatant The addition to the filtered solution of a 


Table II 

Relationship between Oxygen Consumption and Ainmoma Production with Senne 
and Alanine jls Substrates 


The experimental arrangement is ns in Table I 


Sp«c«s 

Substrate 

Time 

Ox>ficn 

consumed 

NHiN 

produced 

! 0* 
NHt 

Bacterium colt 

dl Serme 

mirt 1 

50 

c mm 

100 

mtcrc j 
molfs j 

4 5 : 

T 

130 

mterfi 

metes 

9 3 

1 

j 

0 48 1 

dl Alanine 

50 

179 

8 0 

110 

7 9 

1 X u 1 


dl Senne 

90 

248 

11 

122 

8 7 

1 3 1 


1 dl Alanine 

00 

331 

15 

127 

9 1 

1 7 1 

Pseudomonas pyocyanea 

1 dl Senne 

90 

149 

6 7 

100 

7 1 

0 94 1 

1 6 1 

dl AInnine , 

90 

303 ; 

1 

13 5 

124 

8 9 


0 6 to 0 8 per cent solution of 2,4-dmitrophenylhydrazme m 2 n HCl pro- 
duced the immediate precipitation of the hydrazone which, after 
stored m the refngerator overnight, was filtered off and twice recrystallized 
for analysis from ethyl acetate (m the case of the pyruvic acid hj drazone) 
or ethyl acetate-hgrom (for the a-ketobutync acid hydrazone) e me 
mg points of the crude products were only 2-3° lower than those 0 t e 
punfied samples When df-alanme was similarly tieated m the presence ot 
Bacterium colt, no hydrazone was precipitated Smee Pseudomonas pyo 
cyanea decomposes a-ketobutync acid only slowl>, its hydrazone cou e 
isolated from the deamination of threonme regardless of whether tnese 
bactena had been previously treated with toluene or not e ^ 

tamed ivith serine and threonme are presented in Tables an 
spectivelv 
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illustrate the reduced rate of hydrolysis of the penodide when the acidity of 
the solution is decreased 

Increasing the iodine concentration increases the rate of formation of the 
penodide but is without effect on its hydrolysis " 

Smce the penodide is stable against such reducmg agents as thiosulfate or 
aisemte, any e\cess iodine is easily removed Acidification of the resulting 
colorless solution results in the reversal of the reaction shmni by Equation 1 
with the hberation of Is from the penodide which nm\ may be titrated 
with thiosulfate 

This behavior with lodme furnishes the basis of a convenient method for 
the estimation of methiomne, smce most compounds which consume iodine 
do so irreversibly mth the formation of oxygenated products Although 
mtermediate oxidation products of sulfur compounds (mcluding methionine 
sulfoxide) can be reduced by HI with the hberation of I», this is a slmr 
reaction which requires such a high concentration (at least 1 m) of HI that 
it may be neglected as a factor in this case 

The structural requirement for this reaction (or for any oxidation) is the 
possession of a pair of free electrons by the reducmg atom Many com 

pounds other than thio ethers (R — — ^R) possess such a configuration, 

c g , other sulfur compounds (R — S — — ^R, etc ), ethers (R — 0 — R), 

aldehydes (R — C(H)0 ), aimnes (R — ^NHj), etc The most mteresting of 
these is perhaps the ammo group, not only because it is possessed bj all 
ammo acids, but also because the vanous classes of ammes, especially the 
quaternary ammomum salts hke chohne and betame, are able to form 
penodides Also a reaction such as this is mvolved in the formation of 
NIs, from NHs and Ij, and m the formation of the sodium salt of N-chloro- 
glycme (Langheld (8)) 

It was found that the use of 1 m KI at pH 7 greatly restncts the forma 
tion of penodides by all classes of ammes, mcludmg the quaternary' ammo- 
mum compounds, and if penodides are formed they are destroy ed by thio 
sulfate and so present no problem At pH 7 aimno acids exist largely as 
zivitter ions contaming the amimum ion, — NHt, which does not contam a 
free pair of electrons, and accordmgly ammo acids have only' shght penodide- 
formmg power at this acidity However, while this effect is small, it 
assumes importance m cases m which methionme constitutes only a sma 

* This may not be true m strongly alkaline solutions of low iodide concentration in 
which hypoiodite formation is a factor, since there is some evidence that ly'po'j’ ‘ 
can oxidize methionine -penodide to the sulfoxide This will be treated in dctai in 
subsequent paper 
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fraction of a total of ammo acids In such cases the interference may be 
ei aluatcd by a blank determination after the methionme has been con- 
\ erted to the sulfoxide n hich does not form a penodide ’ 

Although natural amino acids nere not examined extensively, Z(4-)- 
\ aline and Z(+)-glutamic acid from a commercial source were found to be 
contammated with methionme (Table III), a further example of the need 
for caution when absolutely methionme-free conditions are important 
Tri^ptophane reacts wath lodme to form a colored precipitate which must 
be remo\ed by centrifugation or other means before I2 can be titrated 
Interference on the part of cj'steine, cystme, and many other sulfur-con- 
tammg compounds is ehmmated by the use of 1 m KI The mterference of 
homocj'stme can be ox ercome by convertmg it to the thiolactone of homo- 
cysteme Tlie most serious mterference is caused by S substituted homo- 
cysteine denvatives and, to a lesser degree, by cjstamme and esters of 
cystme Fortunately these compounds are rarely encountered except under 
special experimental conditions 

Methionme sulfoxide, methiomne alkylsulfonium 10ns (R3S+), N-acyl- 
ated denvatives of methionme, and deammated derivatives of methionme 
(as typified by a-keto-y-methiobutjmc acid) do not form stable penodides 
at pH 7 m 1 M Ixl This mdicates that the presence of both the methio and 
the a ammo groups is necessary for penodide formation A somewhat 
greater specificity is thus obtamed than is possible with other existing 
methods In the Baemstem (1) procedure of digestion with HI not only 
will the sulfoxide be reduced to methionme, but the other compounds men 
tioned should also form methyl iodide to a considerable extent In the 
peroxide oxidation of Kolb and Toennies (7) (neithei methionme sulfoxide 
nor sulfonium salts respond) and m the colonmetnc procedure of McCarthy 
and Sullivan (10) (the sulfoxide is negative and the sulfonium salts pre- 
sumably so), an unaltered methio group seems to be the only requisite, since 
deammated methionme is oxidized m the former (Floyd and Medes (5)) and 
glycylmethionme (an N-acylated denvative) is positive m the latter 
method 

EXPEKIMENTAL 

General Procedure — A. 25 to 50 per cent excess of lodme is added to the 
methionme solution m 1 m KI and buffered at pH 7 The excess lodme is 
removed after 10 to 20 mmutes by Na2S203, the solution is then acidified, 
and the liberated iodine is titrated xvith thiosulfate It is usually adxnsable 
to run a blank, especially if other ammo acids are present In this, methio- 
nme IS oxidized to the sulfoxide (which does not form a penodide) by KIOj, 

’ It IS not advisable to conduct the penodide reaction in solutions more acid than 
pH 6 5 (in ivhich the effect of amino acids would be lessened) since here sulfoxide for 
mation is more rapid 
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in 0 5 to 1 0 M HCl solution After 10 to 20 minutes, the excess KIOj 
IS converted to I 2 by KI, the solution is neutralized and buffered at pH 7, 
and the iodine determuiation earned out as before The difference between 
the amounts of iodine liberated m the two cases is a measure of the methi 
onine present 

Reagents — These may be vaned to accommodate mdividual needs 
6 M HCl and 2 m HCl 
3 M NaOH 
5 M KI 

The buffer at pH 7 is made by mixing 7 volumes of 1 m KjHPOi and 3 
volumes of 1 m KH-POi 
D ilute NaHSOa solution (0 I or 0 2 m) 

0 1 N KIO, 

0 1 N I. 

Standardized sodium thiosulfate solution (0 025 n) 

The determmations are run m ordinaiy Erlenmeyer flasks There 
agents are conveniently measured by serological pipettes Accuracy is 
important only in the final lodme titration A dilute (0 01 n) Ii solution is 
convenient for adjustmg and correctmg end-pomts 
Procedujc, Blank — Smee the amount of reversible periodide formation bi 
various ammo acids other than methionine, which constitutes the blank, is a 
function of the lodme concentration, it is necessary that this correspond ap 
proximately to that in the “determmation " Accordingly the "blank" is 
set up first m order that after the lodate oxidation the iodine concentration 
may be adjusted to that of the deterrmnation Sufficient 6 N HCl is added 
to an aliquot (usually 5 ml ) of the unknown so that the final concentration 
will be from 0 5 to 1 n HCl There is next added sufficient KIO 3 so that only 
a slight yellow color is imparted to the solution (approximately a 60 per cent 
excess) After 10 to 20 mmutes (meanwhile the determination, cf below, 
has been set up) the excess lodate (and ICl) is converted to Is by adding 
1 ml of 5 M KI About one-half of the amount of NaOH necessary for 
neutrahzation is then added, followed by a mixture made up to mclude the 
balance of the NaOH (if the amount of alkali needed is not excessive, it may 
all be added with the buffer, etc ), buffer, sufficient 5 m Id to make the final 
solution 1 M, and sufficient water to make the volume the same as in the 
determination (cf below') The usual practice is to add 1 ml of 1 M buffer 
(and of course 1 ml of 5 Ji KI) for each 5 ml of the final solution The 
above order of addition of the alkali is thought to mimmize the danger of a 
local excess of alkah reactmg w ith lodme to form lodate If necessan , f le 
lodme concentration is next adjusted to match, by visual companson, t a 
in the determmation by adding dilute NaHSOj dropwise If the Ij m to 
blank is m great excess, it is better practice to remove most of it before e 
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neutralization and buiTenng After 10 to 20 minutes the solution is 
titrated as in the determination 

Ddcnmmlton — This is set up 5 or 10 minutes after the blank is started so 
that the I- consumption uill be largely completed by the time theiodate 
oxidation in the blank is finished If the solution under consideration is 
acid, the amount of alkali needed for neutralization is determined, with 
moth) 1 red as indicator After neutralization, if necessarj , there is added 
to an aliquot sulficient buffer and 5 m KI so that there mil be 1 ml of each 
for c\ erj 5 ml of final solution (includmg !■>, etc ) There is next added a 
25 to 50 per cent excess of I- or enough to impart a definite and peisistent 
I- color to the solution ' After 10 to 20 minutes the excess iodine is de- 
strojed b}' adding thiosulfate, mth starch as an mdicator The end-pomt 
should be exact, although the amount of thiosulfate added is not important 
except as a measure of the excess Ij for comparison mth that of the blank 
There is next added 1 to 1 5 ml of 2 n HCl for every ml of buffer used and 
the liberated Ij is titrated mth thiosulfate The iodide concentration 
should be at least 0 5 si at the end of the titration m order to prevent the 
oxidation of methionme by I? in the acidified solution nhich may amount to 
a 1 or 2 per cent loss in I* If necessary additional 5 m IQ is added after the 
excess Ij is remox ed and before the solution is acidified After the blank is 
deducted, the methionme content is calculated as follows ml of Na-SjOs 
X 0 5 X normalitv of thiosulfate = him of methionme present Details of 
actual determinations are shorni m Table IV, and m the section on “Protein 
hydrolysates ” 

Mclhiomne — The results obtained mth solutions of methionme are shown 
in Table I With a 20 per cent excess of Is the methionme penodide forma- 
tion IS complete w ithin 10 mmutes, w hile 20 minutes are required if a lesser 
amount of Ij is present In case of a x ery low excess of I 2 (10 per cent) the 
theoretical amount of penodide maj’’ not be attamed because of its hy- 
drolysis to the sulfoxide, xvhich amounts to approximately 1 per cent of the 
methionme m an hour’s time under the conditions described The pre- 
cision of the method is practically that of the starch-iodme-thiosuifate titra- 
tion undei similar conditions of acidity and iodide concentration As- 
summg this to be ±0 01 ml of 0 025 N NazSjOa (correspondmg to ±1 25 
X 10-< mM or ± 0 019 mg of methionme), the accuracy of the vanous 
determmations of Table I w as found m most cases to be withm the limits of 
precision for the 10 01 20 mmute interval with ahquots contammg amounts 
of methionme ranging from 1 5 mg (precision ±1 per cent) to 14 9 mg (pre- 
cision ±0 1 per cent) The punty of the methionme w as established by 

* Occasionally it is necessary to add more I 3 after a fen minutes An approxima 
tion of the amount of Ij needed may be obtained by direct titration with iodine of an 
aliquot buffered at pH 9 
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HjOl oxidation (I^olb and Toenmes (7)) and by perchloric acid titration 
(Toennies and Callan (13)) With an individual sample of 22 5 mg of 

Table I 


Formaixon and Siabihty of Melhomne Pcnodidc in I m Kl Buffered at pH 7 


Metbioome 

I. 

Periodide Is* 

CalcuUled 

ptecistoa 

S min 

to mm 

20 mm 

40 mm 

60 min 

moles per t 

motes per t 

per cent 

per cent 

per cent 

Per cent 

per cent 


0 002 

0 0024 


99 

101 

101 

101 





101 

101 

101 

98 



0 0080 


100 

101 

100 

99 

BT^H 

0 005 

0 0053 


97 9 

99 5 

99 5 

99 1 



0 006 

97 5 

99 5 

99 8 

99 5 

98 7 

BiBI 


0 0075 

99 9 

100 3 

99 9 

99 9 

99 1 

rfcO 2 


0 010 

100 3 

100 3 

99 9 

99 5 

99 1 

±0 5 

0 010 

0 0106 


99 7 

99 7 

99 1 

98 5 

±0 25 


0 0120 


100 0 


99 3 


iO 25 

0 020 

0 021 

98 7 

98 8 

98 7 



±0 10 


0 025 

99 9 

99 9 

99 2 



±0 10 


* T1u8 is the reversibly bound Ij which is released on acidification of the solution 
after the excess Ij has been destroyed The results arc expressed as percentages of 
the theoretical amount of methionine 


Table II 

Reversible Periodide Formation by Glycine in 1 it KI 
The volume in each case was 6 6 ml Increasing the volume to 25 ml results in a 
slight decrease in periodide Ij (0 01 ml ) The periodide Ir was released on noidificn 
tion of the solutions after the excess Ij had been destroyed 


The results ate expressed in terms of ml of 0 025 n Na:SjO> 


Glycine 

pH 

Excess Is 

Periodide It 

mu 




1 

7 

0 21 

0 00 



0 40 

0 01 



0 77 

0 04 



1 61 

0 10 

1 

7 

0 77 

0 04 

2 


0 81 

0 07 

4 


0 71 

0 09 

1 

9 

0 12 

0 09 



0 30 

0 17 



0 56 

0 33 



1 16 

0 47 


methionine (made 0 003 m m methiomne and 0 0045 m m I?) n value 99 8 


per cent of the theoretical ivas obtamed , 

Ammo Acids — ^The abihty of ammo acids to form penodides is 
fied by the behavior of glycme as shown m Table II The necessi } 
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adjustment of the excess I- of the blank to that m the determination is based 
on the increase m pcnochde Is w ilh increasing !« concentration 
In order to ex ahntc the interference b}' the various amino acids as shoxvn 
m Table III, individual samples equivalent to 1 mxi vere taken and Is 

Taiiu III 

Penodide Pormation hy Amtno /tods 

The penodide I, figures represent ml of 0 024 n NnjSjO, required by the Ii liber- 
ated m acid solution after the excess I- has been discharged 1 mu of methionine is 
cqunalcnt to 83 3 ml Galactose, which is also a constituent of casein, does not 
form a penodide The prefix I denotes the natural and d the unnatural enanti 
omorph of an amino acid The f(-{-) \aline and d valine wore Hoffmann La Roche 
products The f(-t-) glutamic acid was a Corn Products preparation recrjstal 
litcd from w ater and possessed an cqui\ alcnt w eight of 146 8 by perchlonc acid titra 
tion The figures in the tliird and sixth columns under “Ammo acid mixture” show 
the amount of each ammo acid added to a mixture which was dissolved in 200 ml 
of solution containing 28 ml of 2 a HCl The aciditj of the final solution was 0 40 m 
(with mcthjl red as indicator) 


Ammo tod 

Penodide 

h 

(0 0I2U) 

Amtno 

ftcid 

miiture 

Ammo acid 

' Pertodide I* 

^ (0 012W) 

i Amino 
. acid 

1 mature 

1 mw of ammo acid in 20 ml 

of 1 M KI, pH 7, was let stand for 20 min with 



0 1 ml 

of 0 1 N Ij 




1 

tftt 


1 1 

tnf 

NH.Cl 

0 

630 

dl Serine 


450 

dl Alanine 

0 

250 

f(-t-) Arginine HCl 

0 05 

570 

l(-) Tjrosine (ppt ) 

0 

600 

1(+) Lysine 2HC1 

0 05 f 

1030 

f(— ) Aspartic acid , 

0 01 

370 1 

dl Histidine HCl 

0 06 

300 

f(— ) Prolinc 

0 015 

820 

dl Threonine 

0 06 

340 

d Valine 

0 02 

720 

1(— ) Hydroxyprolme 

0 07 

200 

Glycine 

0 02 

330 

jl Cystine 

0 10 

40 

dl Phenj lalanine 

0 02 

450 

f(-f ) Glutamic acid 

C/ below 

1980 

dl laoleucinc 

0 03 

160 

d-Lcueme 

0 13 

720 

1 mu of ammo acid treated 

as above v> ith 0 5 ml of 0 1 n Ij 



j 


1 

i 

Melbio* 





1 

Dine 





j 

per cent 

((+)-Valme 

0 29 

After lodate treatment 

0 10 

0 28 

d Valine 

0 06 





d Leucine 

0 11 


<( tt 

0 12 

0 

f(-f) Glutamic acid 

0 13 

II 

4( Cf 

0 05 

0 1 


added to a slight excess After 20 mmutes the excess !•> was destroyed and 
the amount of penodide I 2 measured as usual When possible, the inactive 
or unnatural modification was used m order to avoid the possibility of con- 
tamination by methionme The necessity for this is apparent from the 
cases of Z(-t-)-valme and Z(-l-)-glutamic acid m xvhich the difference between 
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the penodide content before and after lodate treatment showed methionine 
to be present, which was confirmed by a qualitative test for sulfur The 
relatively high penodide I 2 value obtamed with d-leucme was unchanged by 
lodate treatment and therefore was not due to methionine 
The ammo acids were then combmed m amounts showm in the third and 
si\th columns of Table III, to approximate a hydrolysate containmg 5 gm 

Table IV 

Eslimalton of Melhwntne tn Ammo Acid Mixtures 
The results are expressed in terms of ml of 0 024 n NaiSiOj 


Solution No Treatment* Excess Ii Penodide Ii 

1 1 ml 0 1 K KIO, 1 83 0 14 

2 2“ 01“ “ I adjusted with NaHSO, 2 13 0 15 

3 1 " 0 05 u methionine, 3 ml 0 1 N KIOi, 189 Old 

Ii adjusted with NaHSOi 

4 OSmlOlNli 1 90 0 15 

5 1 ml 0 0500 M methionine, 1 5 ml 0 1 n I 3 1 96 4 33 

* Each solution contained 5 ml of the “Amino acid mixture” (c/ Table III) 
Solutions 1, 2, and 3 were set up 10 to 16 minutes before Solution 4 

Solution 1 — 1 ml of 6 N HCl and the amount of KIO, shown were added to the 6 
ml of “Ammo acid mixture” and after 20 minutes 1ml of 6 iiKl followed bj a mix 
ture composed of 4 23 ml of 1 88 m NaOH, 5ml of buffer, pH 7, 4 ml ofSiiKI, and 
4 ml of HsO (final total volume 25 ml ) After the solution had stood for 20 minutes, 
the excess Ij w as removed with 0 02400 n Na,SjOj and after the addition of 5 ml of 
2 N HCl the penodide Ij was titrated with NasSjOj 

Solution 2 — ^This w as treated the same ns Solution 1 except that 1 2 ml of 6 u 
HCl, 4 87 ml of NaOH, and 3 4 ml of HjO were used in their respective plecM 
The Ii concentration w as brought to that of Solutions 1 and 4 by adding 0 2 11 NallSOi 
immediately after adjustment to pH 7 

Solution S — ^This was prepared and treated like Solution 2 except that 1 6 ml 0 
6 M HCl, 6 1 ml of NaOH, and no HiO were used 

Solution 4 — In addition to 5 ml of “Amino acid mixture” and 0 6 ml of fit u 
contained 5 ml of buffer, 5 ml ofSMlvI, 103 ml of 1 88 m NaOH, and 9 ml of Hi 
The excess I5 and penodide Ii were estimated after 20 minutes 

Solution 5 — This was treated the same ns Solution 4 except that 7 instead of 9 m 
of HiO were used Deduction of the blank (0 16 ml ) from the determination { 
ml ) yields a figure (4 18 ml ) corresponding to 100 5 per cent of the thcore ic 
amount of methionine added 


of casern per 100 ml Penodide formation before and after lodate 

was measured on 5 ml aliquots of this solution with the results repo < 

Table IV , 

The X ahdity of the lodate blanks (Solutions 1, 2, and 3) is esta is ^ 
then- agreement with the penodide determmation m Solution 4 
timation of 0 05 mM of methionine added to this synthetic 
tion 5) resulted m a value 100 5 per cent of the theoretical ine pe 
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^aU^c of the mwtorc ^\as constant over the interval from 10 to 40 minutes, 
although the Ij consumption continued to mcicasc 

rri/p/op/fonc— Tnptoplmnc, if present, forms a bromi piecipitate with 
Is at pll 7, winch obscures the end point This in itself is not a senous 
difficult! , since the precipitate is casib remo\ ed b}’’ centrifugation and an 
aliquot of the supernatant maj be taken for titration Houeier, it was 
found that in the blank the products of ovidation of tryptophane bj lodate 
(somewhat more than 2 atoms of ovjgen per mole of trj'ptophane are 
consumed) consume iodine at pH 7 with the formation of a shght brown 
coloi with a shght Ij higher penodide formation than is found in a solution 
treated onginalK with Ij at pH 7 and centnfuged This causes a negatire 
error in the determination of methionine ^ Thus, a mixture containing 5 ml 
of the “ Vmino acid mixture,” 0 1 mM of tryptophane, and 0 05 mM of 
methionine was analjzed as outlined and found to contain 0 0465 mM of 
methionine oi 93 per cent of theoretical \ahie 

Protein Hydrolysates — On the basis of the results with amino acids theie 
would ajipcar to be no interfering substances in protein hydrolj sates 
which are not cialuated bj the blank This is venfied by the results wath 
actual protein hj drolysates One such protein w ill be treated in detail to 
elucidate the details of the method The results on this and other proteins 
are summanzed in Table V 

Casein — A sample weighmg 1943 gm (dry weight) was hydrolyzed 7 
hours wath 20 ml of G x HCl ® After being concentrated m vacuo tw o times, 
it was decolonzed wath 0 2 gm of carboraffin and diluted to 50 ml (0 41 
N m HCl) To tw 0 5 ml aliquots were added 1 ml of 2 N NaOH, 5 ml of 
buffer at pH 7, 4 ml of 5 M KI, 4 ml of H*0, and 1 0 and 1 2 ml of 0 1 n 
I: respectively) ’’ After 20 minutes the excess I 2 amounted to 0 47 and 1 25 

• Mr J J Kolb of this Institute for an exact determination corrected for this by a 
separate tryptophane estimation and measurement of the effect of this amount o 

trjptophanc , , 

‘ A rapid and efficient method of hydrolysis consists of hy drolysis in 6 n HU wiUi 
a ratio of HCl to N of 2 1 Practically this amounts to the addition of 1 83 ml of iz 
X HCl and 1 ml of H,0 to 1 gm of protein The resulting mass is heated on a nater 
bath until It becomes liquid n 1 th the bulk of the protein in solution The flask should 
not be ewjrled, or the protein wiU adhere to the walls of the flask and ecome re 
sistant to solution cspccmlb above the liquid level The mixture is then heated on 
an oil or sand bath for 4 hours (boiling temperature for casein is 109 } Heating for 
8 hours results m only a slight increase (2 per cent) in ammo N or methiomim for such 
diverse proteins as egg albumin (Toenmes, unpublished data), whole rats t 
Modes, unpublished data), and casein Theoretically the activity ofHC , e ra eo 
hydroly sis, and the boding point are increased w ith increasing concentration o 
acids, etc A point of analytical adv antage results from the fact that the final sol 

tion contains an excess of only 1 HCl per N * r 

' It 18 customary to run duplicate determinations wath varying amoun s o exce 
Ij, which by their agreement will confirm the absence of errors ^ue to cys me, e c , 
cf the section on “Penodide formation by various compounds 
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Table V 


Methionine Content of Proteins 


Sample Iso * 

1 

Protein 

i 

Mclhionme 

Penodide 

Homocs-stiae 

\oUuJe iodide 

Baenjstem 

(1.2) 

Kas5eU and 
Brand (6^ 

Baeroste^n 
(1 2) 

and 

Brand 



pcf cent 

per cent 

per cent 

Per cent 

Per cent 

1 

Egg albumin j 

4 58 

4 49 

4 55 

5 07 

4 S9 

2 

II CC 

3 76 


2 74 


3 44 

3 

Lactalbumin 

2 41 

2 32§ 

2 58 

2 45§ 

2 03 

3A 

(C 

2 40 





4 

CC 

2 35 





4A 

it 

2 36 





4B 

CC 

2 39 





5 

Casein 

2 86 

3 10§ 

2 73 

3 31§ 

2 95 

6 

CC 

2 85 





6A 

CC 

2 85 





6B 

CC 

2 89 


1 



6C 

CC 

2 89 


1 


1 

7 

Zcin 

1 68 

2 46§ 


2 58§ 



* Sam-ple I— Egg albumin C, Kassell and Brand (6), kindlj furnished b) Dr 
Brand 0 67Sgm was hj drolyzed 19 hours with 15 ml of 6 ^ HCI, decolonrcd with 
0 15 gm of carboraffin after concentration in vacuo, and diluted to 50 ml , 5 ml all 
quota were used for analjsis 

Samples — ^Merck’s pondered egg albumin (14 1 per cent N) lOgm nerebydro 
1> red for 21 5 hours with 14 4 ml of 12 t, HCl and 13 ml of HiO, decolorized after 
concentration in vacuo, and diluted to 200 ml , 3 ml aliquots n ere used for analjsis 
The homocjstine and volatile iodide determinations were carried out bj Mr T P 
Callan of this Institute 

Samples — Labco 7-HAAX, kindlj supplied bj Dr Brand 1 S9 gm (drj) were 
hydroljzcd for 8 hours in 10 ml of 6 n HCl, twice concentrated in vacuo, twice dc 
colonred with 0 3 gm of carboraffin, and diluted to 100 ml , 10 ml aliquots were 
used for analysis 

Sample SA — 0 945 gm of the same protein was hj droll zed for 20 hours with S ml 
of 6 ^ HCl, twice concentrated in racuo, decolorized with 0 3 gm of carboraffin, and 
diluted to 50 ml , 5 ml aliquots were used for analj sis 

Sample4 — Labco 7-HAAX kindlj furnished bj Dr G C Supplee lS3Sgm (drj) 

with 18 4 ml of HjO and 33 7 ml of 12 n HCl were heated for 7 hours on a water bath, 

hydroljzcd for 7 hours, and diluted to 200 ml 50 ml were decolonzcd twice wit 
gm of carboraffin, diluted to 100 ml , and 5 ml aliquots taken for analjsis 

Sample 4A — A second 50 ml aliquot of Sample 4 plus 5 ml of 0 9192 m methionine 
was decolorized as Number 4 was Deduction of the calculated amount of me o 
mne leaves the value reported in Table V and shows that no mcthiohinc was o 
on decolonzation .i, i is pm 

Sample 4B — A third 50 ml aliquot of Sample 4 was heated for 1 hour wi , ,,5 

of Sn dust, filtered, concentrated over a free flame, the tin precipitate wi ' 
^6^,3 e-Tpclled by CO , and the resulting solution diluted to 100 ml , 5 ra « iq ^ ^ 
were u'ed for analjsis The cysteine content as determined by I: oxi a 1 
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TAnir V— Concluded 

111 (Lfnino (<>)) nns 3 00 per cent, in ngrccmcnt with the figure (3 09 per cent) ob 
tnmed b\ IvasseU niul Urami (C) 

Samples — 1 ibco \itnmin free onseiiv kiiidlj supplied by Dr Brand (c/ the text 
for details of nnnhsiB) 

Sampled — labcoMtamin freecaaLinkindlj supplied bj Dr G C Supploe 19 34 
gm of dr\ casein ucrc lientcd on n nnter bath for 5 hours «ith 35 5 ml of 12 N HCl 
and 19 3 ml of If O and then hj droll red for 4 hours on an oil bath (Some fsttj 
matter appeared iii the condenser ) An aliquot bj weight corresponding to 10 06 
gm of casein was diluted to 100 ml (2 1 \ in HCl) Methionine was estimated 
directli on 2 ml aliquots, appropriatch diluted and ncutralired aliquots being used 
(or reference color standards 

Sample CA — A 40 ml aliquot of bamplc 6 was decolorized by 1 gm of nirbor iffin 
and diluted to 100 ml , 5 ml aliquots uere used for analysis 

Sample Gli — The remainder of the undiluted solution of Sample 6 (9 215 gm of 
casein) was hjdrohzcd an additional 4 hours and diluted to 100ml A, 40ml aliquot 
was decolorized with 1 gm of carbornflin and 5 ml aliquots were used for analysis 
Sample CC — Another 40 ml aliquot (0 8 N in IICI) w as heated w ith 1 18 gm of tin 
dust, filtered, the tin precipitated bj H S, filtered, the H S expelled by COs, and the 
solution diluted to 100 ml 5ml aliquots were used for analj sis 
Sample 7—Cf the text 

t These arc uncorrcclcd figures, which must be multiplied bj 1 12 to attain correct 
values, according to ICassell and Brand (ti) 

t These arc uncorrccted values, the correction factor is 1 067 according to Kassell 
and Brand (0) 

5 Harris product 

ml of 0 02390 b Na-SzOj for the two abquots and the respective values for 
penodide I- w ere 3 28 and 3 30 ml of Na^SjOs For the blanks, which w ere 
set up 10 minutes before the deteimmations, theie were added to two 5ml 
aliquots 1 2 ml of 6 v HCl and 1 0 and 1 8 ml of 0 1 n KIO 3 After 20 
mmutes 2 ml of 2 b NaOH and 2 ml of 5 m KI w ere added to each aliquot 
followed m each case by a mixture containing 2 ml of 2 n NaOH, 2 ml of 
5 M KI, and 4 ml of buffer (pH 7) Smee the Iz content of these solutions 
approximately matched that of the above deteimmations, no adjustment 
wath NaHSOa was necessary After 20 mmutes the values for excess I» 
amounted to 0 84 and 1 22 ml of NajSiOa, and for the penodide I 2 , 0 17 and 
0 18 ml of Na^jOj Deduction of these latter xmlues from the appropnate 
determinations yields 3 11 and 3 12 ml of NajSiOj, correspondmg to a 
methionme content amounting to 2 85 and 2 86 per cent of the dry casein 
In some cases (casern and zem) the methionme determmation was earned 
out on the untreated hydrolysate This is feasible only if the solution is 
light enough m color so that a meniscus may be easily read Even so it is 
necessary that reference standards be prepared from the hydrolysate for the 
end-pomt at pH 7 and m the acid solution While this is admittedly a 
difficult titration, it w as performed with satisfactory results m the two cases 
mentioned to determme whether decolonzation by charcoal mvolved any 
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loss in methionine Since no evidence for such loss was indicated,* it is 
much more convenient to decolonze the sample 
Zcin — (This V as kindly furnished by the Com Products Refinuig Com- 
pany) 16 42 gm of dry protem (5 98 per cent uater) were heated GJ 
hours on a ivater bath v ith 30 ml of 12 n HCl and 16 4 ml of H.O After 
bemg heated 7 hours on an oil bath the solution was filtered and diluted to 
200 ml Anab'ses earned out with 1 ml aliquots indicated 15 99 per cent 
nitrogen Methionme estimations earned out on the untreated hydrolysate 
shov ed 1 61 per cent methionine, on a fraction decolonzed by carboraffin 
1 68 per cent, and on a fraction decolonzed by tin and HiS 1 63 per cent 
methionme and 0 83 per cent cystme The methionme figure is consider 
ably' low er than that obtamed by' Baemstem (2) The cystme figure is also 
low er than the 1 05 per cent obtamed by Baemstem, but is m fair agreement 
with figures obtamed by ^ ickery' and \Miite (14) , t c 0 91 per cent by 
cuprous precipitate, 0 85 per cent by' the Sullivan method 
Oxidized Casein (Toenmes (12 )) — This modified casein is charactenzed by 
the oxidation of methionme and try'ptophane and is of interest because of its 
high blank value, amounting to 1 ml of 0 024 n Na-SjOj per 0 25 gm 
of protem w hich is unchanged by lodate oxidation The blank is attnbuted 
to the oxidation products of tryptophane, smee neither the sulfoxide nor the 
sulfone of methionme forms a penodide to any appreciable extent How- 
ever, the blank adequately compensates for this unknown penodide and no 
methionine was indicated w'lthm the limits of error of titration 
Enzyme Digests — The method has also been applied to tnchloroacetic acid 
filtrates from protein-enzyme digests with satisfactory results (Floyd and 
Medes (5)) With these solutions the blank is made 0 5 to 1 N in HCl bs 
usual, and sufficient alkali is added to neutmhze both the HCl and the tn- 
chloroacetic acid when adjustment to pH 7 is made 


DIECTlBStON 


The pnmary purpose of this inx estigation was the estimation of free or 
preformed methionme present m solution and not the determination of the 
methionme content of protems The latter is an entirely separate problem 
which m\ olves consideration of losses mherent m hydrolysis and manipula- 
tion before the final solution is obtained for analy sis 

Although it IS thought that the use of correction factors of the order of 10 
per cent requires a method of considerable precision for accuracy of fina 
results, there does exist considerable evidence that some methionme 
lost by HI hy'droly'sis (ICassell and Brand (6), Beach and Teague ( )) 


IS 


Accordingly, the penodide values for the methionme content of proteins 


‘ Mr N F Floyd of this Institute by independent expenments has nlso demon 
strated that treatment of methionme in 0 4 x HCl with charcoal involved no 
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would seem to be low , since in genera! thej nre only slightly higher than the 
uncorrcctod homoci stcinc a nines At the same time it is felt that the 
penodide method permits estimation of all the methionine present in the 
HCl hjdrol) sates The cause of this discrcpancj may reside m the treat- 
ment of the protein, although it seems unlikely, since Bade}'' (3) found that 
the Bacmstein procedure (^olatlle iodide) jielded identical results when 
applied either dircctlj to a protein or to an HCl hydrolj'sate Bailej also 
found that luimin rcmoi al occasioned no loss in methionine In addition it 
has been shown in the present paper that decolorization by charcoal in acid 
solution entails no loss in methionine * 

There remains the possibility that in the HCl hj'drolysate, some of the 
methionine is present in a modified form (as a sulfonium salt, etc ) that does 
not form a penodide but is destrosed bj HI In the case of zem dnergent 
\alues of a completely different order of magnitude were obtained, indicat- 
ing either that this last factor is here operating very strongly or that some 
other sulfur compound is present that behaves like methionine in the 


Baemstem procedure 

Penodide Fonnahon hy Vanous Compounds— The following compounds 
did not form penodides in any appreciable amounts under the conditions 
emplojcd m the methionine determmation, te, m 1 M KI buffered at 
pH 7 The compounds marked mth an asterisk w hen present with a large 
excess of I* (5 or 10 moles of I, per mole of compound) form penodides to a 
slight extent (0 1 to 0 2 mole of penodide Ij per mole of compound) methi- 
onine sulfoxide, methionine sulfone, methionine methylsulfonium iodide , 
N-formyl-, acetjl-, or benzoylmethionme, N-formylmethionine methylsul- 
fonium bromide, S-benzyl-N-dibenzylhomocysteme (this compound foms 
an insoluble penodide which is destroyed on addition of thiosulfate;, 
homoc 3 'steme cysteme-thio ether*, S-benzylpentacysteme , ^ ’ 

ethyl-, or benzylcysteme, S-benzylglutathione , carboxj’rnet y cj s me, 
lanthionme, 2,4-dmitrophenylhydrazone of T-methio-a-ketobutync acid, 
barium r-methio-a-ketobutyrate, r-methiobutync acid, dialanylcystine , 
diformylcj^stme, a-hydro\y-^-dithiobanum dipropionate, i-a romopro 
pionylcystme*, p bromophenylmercaptunc acid, N-formy p romo 
benzyl-dl-cysteme , creatine, creatmine, choline 

The list reveals that on the basis of its penodide-formmg powers, methi- 
omne may be distmguished from its sulfoxide and sulfone, rom i su 
fomum salts, from its acylated denvatives, from its deamina 

(c/ keto denvatives and y-methiobutync acid), and from 1 omo o , 


•The author is indebted to the following for kindly supplying samples of^the 

various compounds listed above and in Table VI Dr ran ’ StcUol Dr 

Mr N F Floyd, Dr D B Jones, Dr G Medes.Mr W Sakami.Dr J A Stekol.Ur 


G Toennies, Dr H Waelsch 
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exemplified by S-beni^ kysteme and S-benzj Ipentacvsteme Such \ 
compounds as cholme, creatine, and creatinme were mthout effect uuderth” 
conditions described 

In Table are listed the results obtamed on vanous other compouni ” 
The amount of oxidation and penodide formation ivere followed as a fuBC 
tion of tune, but onlj the results for a 15 mmute inten al are reported Tb“ 
oxidation of homocj'stme, C3'steme, ci stme, and ei en cisteio acid b\ I 


TtBLE 


/: Consumption and Pcnodtdc hormahon pc- Mole 0/ I ariotis Compounis et pH < 
The measurement* were made after a J5 minute nterral 


Compound 

Molarity 

0 01 1. 1, 

on Hi 

ox -till 

OO5IIKI 

ii^Kl 

1 j-KI 

IhKI 

Total 

h 

con 

«nmed 

Pen 

odide 

ToU 

L 

con 

suced 

Pen 

odidc 

I. 

Tot-l 

L 

C02 

scmed 

Pen 

txTde 

I 

Teal 

It 

CC- 

Pr 

ofr* 

It 



r'clcs 

r-clts 

r~’ s 

f-eVr 

r feJ 

r 'n 

r Vj 


Cjsteine 

0 004 

1 C6 


1 43 

Re 

li 



Cj stine 

0 002 

1 6S 


1 27 

IK 





Cjsteinesulfimc acid 

0 01 





m 

A|£| 



Cjstine dtsulfoxide 

0 003 

3 64 

0 60 

3 69 

0 5S 

2 os 

0 04 


■m 

Diethjl ester of 1 cj stine* 

0 002 

3 SI 

■AW 

1 36 

0 oS 

0 85 0 4S 


Cj stamine* 

0 002 

3 23 



EE] 

■1^ 




“ disulfoxide 

0 003 

2 11 

wis 

1 93 

1 16 





S-Benzyl cff-homocjsteine 

0 004 

0 97 

0 97 

0 97 

0 97 





Homocysteine 

0 002 

2 16 

0 61 

1 66 

0 37 





Homocj stine 

0 002 

3 5S 

1 74 

3 17 

1 25 


1 3o 



Homocvsteine thiolactonef 

0 004 

1 21 

0 IS 

0 49 

0 32 



n OC 

1)69 

S hlethiobutjlamine* 

0 004 


0 S4 

0 90 

0 71 



u ^ 


* Forms a precipitate with I in 0 OS m KI, which is destroj ed b} j,, 

t When the ratio of I to thiolactone is reduced to 0 25 1, 011I3 0 037 mo ^ ° 
dide I is formed per mole of thiolactone The oxidation of the thiolactone I 
by lodate (0 02 ^) in 1 ^ HCI is slow , 0 06, 0 24, 0 47 atom of 0 being co 
per mole in 5, 27, and 60 minutes, respectix elj 

at pH 7 leads to extensive decomposition with the formation of sulfate and 


iodoform 

The abditj"^ of cystme and cysteme to form penodides decrea- ^ 
decreasmg I- concentration On the basis of the sulfur content, c}= 
less effective m forming penodides than is cysteme For this 
cysteme is present it is thought adtusable first to oxidize it to c} 
addmg a shght excess of I2 to the acid solution, which contains a 
KI to be added for the subsequent methiomne determmation 

10 These as well as other compounds will be discussed more fullj ^ 
paper elucidating structural effects on the reactivity of sulfur 
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Cj-stinc disulfovidc ns such ^\ould interfere senously, but practically 
docs not because of i(s lunited stabilitj and readj"^ decomposition into the 
siilfinic acid and ci’stinc at pH 7 

Compounds whicli might interfere include alkyl esters of cystme (and 
prcsumablj ils homologiies) and C3'stamme and its disulfo\ide Hon ever, 
tliar ability to form penodides decreases sharply inth decreasing I2 con- 
centration, m contrast mth methionine, so that even m the presence of these 
compounds results of comparative value should be possible The mcreased 
abilit}’' of these compounds (m nhicli the effect of the carboxyl group is 
lessened) to form penodides is mdicated b}' their precipitation m solutions of 
low iodide content The behavior of 6-raethiobutylamme suggests that 
decarboxj'Iatcd methionine (y-methiopropi’lamme) will react like methi- 
onme 

S-Alkjd- or ar} Ihomocj'steme denvatives behave as methionine does, as 
far as penodide formation is concerned, and should be absent 
Homocj’stme also interferes but its effect may be circumvented by reduc- 
tion to homocj’stemc followed by conversion to the thiolactone The 
thiolactone forms a penodide to a veiy limited extent which, however, may 
be evaluated by the blank, since the thiolactone is but slowly oxidized by 
lodate Because mcthionine-homocystme interrelationships are of con- 
siderable mterest at the present time, the followmg method is desenbed for 
the estunation of each of these substances 
Esltmalion of Homocyshne and Methionine — ^The method is based on the 
reduction of homoc}’’stme to homocj'steme by zme and estimation of 
homocysteine b}' I: oxidation m 1 m HI (Lavme (9)) Any cystmc present 
wall also be reduced by this treatment and estimated The homocysteme is 
then converted to the thiolactone by heatmg m concentrated HCl (Riegel 
and du Vigneaud (11)), after which only cysteme is estimated by the h 
oxidation m 1 M HI The methiomne detennmation and blank are carried 
out as previously desenbed to measure the methionme present 
An ahquot is made 0 6 n m HCl and an equivalent amount of zme dust 
added After 45 mmutes the mixture is filtered if necessary and diluted to 
volume and an ahquot taken for the estimation of homocysteme Anot er 
ahquot is placed m a small distillation flask together wuth 3 ml of concen 
trated HCl and the whole evaporated in vacuo to 3 to 5 ml “ The vacuim k 
then released and the solution heated at 80-90° for 15 minutes, after w ic 
the distillation in vacuo is resumed to semidryness Near the en 0 e 


” A convement capillary which this author has not seen describe , u a 
been in use m this laboratory for some time, consists of a section o 8 ^j.ctiUinff 
mm bore which passes through the rubber stopper to the bottom o ® , 

flask To the top of this is attached by rubber tubing a small piece o 
tubing This device will not clog or break, is easily washed, an mai 
lowered A small funnel may be attached for adding octyl alco o 



296 


lODOMETRIC DETERMINATION OF METmONINE 


distillation it is advisable to remove the water bath The flask and the 
tube are rmsed out and diluted to volume If desired, cysteme may be 
measured at this pomt by the I. oxidation m 1 m HI The methionme is 
measured as usual, the blank is necessarj' Although zinc phosphate is pre- 
cipitated at pH 7, it does not mterfere inth the titration It is, however, 
adiusable to use 2 mstead of 1 ml of buffer per 5 ml of solution 

The vanous phases of the above procedure were venfied expenmentall} 
as follows 

Thxolaclone — For 4 ml of 0 02 m thiolactone the lodate blank amounted to 
0 39 ml of 0 0244 n NaiSjOj (excess I 2 , 3 32 ml ) and the methionine pro 
cedure showed 0 33 ml of Na-SjOj (excess I 2 , 3 53 ml ) Thus the penodide 
formation by the thiolactone is essentially the same before and after lodate 
treatment The correspondmg deterimnations earned out with the addi 
tion of 1 ml of 0 0500 M methionme consumed 4 30 ml of Na'>S20i for the 
penodide I 2 (excess !•>, 3 60 ml ) wnth the blank amountmg to 0 32 ml 
(excess I 2 , 3 52 ml ) The difference, or 3 98 ml of 0 02442 n Na-SiOj 
indicates 0 0486 mii of methionine, or 97 2 per cent of the theoretical value 

Rcduclton of Homocyshne — 0 1341 gm (0 5 miu) of homocystme was 
washed into an Erlenmeyer flask with 5 ml of 2 n HCl and 9 ml of H 0 
and 0 33 gm (5 ium) of zme dust added After 40 mmutes the solution was 
filtered and diluted to 50 ml When 3 ml ahquots were used, the solution 
w as found to be 0 0135 n m HCl and 0 02018 m m homocysteine or 100 9 per 
cent of the theoretical 

Thiolactone Formation — 10 ml of the above solution together with 2 ml of 
0 0500 M methionme w ere transferred to a 50 ml distillation flask lifter 
the addition of 4 ml of 10 n HCl, the solution was concentrated in vacuo to 
3 to 5 ml (this required 17 minutes), heated at 80-85° for 15 minutes, and 
then evaporated in aocuo to semidryness After dilution to 25 ml aliquots 
of 10 ml w ere taken for the I 2 -I m HI oxidation and the methionme detcrmi 
nation No homocysteine was present and 98 0 per cent of the theoretical 
amount of methionme was indicated after deduction of the blank (from a 
separate determmation) 

In another case, 5 ml of 0 01 m homocystme, 2 ml of 0 0500 m methionme, 
and 3 ml of 2 x HCl w ere placed m a 50 ml distillation flask and reduction 
carried out w ith 0 20 gm of zme dust After 15 mmutes 1 ml of IO N 
HCl was added and the reduction allowed to proceed for an additiona 
mmutes Then 3 ml of 10 n HCl were added and the solution concen 

" After the solution stood 24 hours at room temperature a decrease of onl} 4 2 p^ 
cent of the homocvstcine was observed, which indicates that this substance isn 
labile as commonlj thought, although the presence of zinc chloride maj pj,. 

mg factor There w as no loss of lioraocj steine w hen the solution was simp ) 
rated to semidrjness in lacuo 
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tntcd tn lacito on the water bath The unused zinc disappeared during 
concentration On reaching a volume of from 3 to 5 ml the solution was 
heated to 75° for 20 minutes and then evaporated to semidiyness After 
dilution to 25 ml the solution was found to be 0 0385 iimacid (with methyl 
red ns indicator) and to contain 101 3 per cent of the theoretical amount of 
methionine (with a 5 ml aliquot) (The penodide Ij of the blank amounted 
to OOG ml of 0 02142 n Na«SjOj, excess Ij, 2 08 ml The penodide I 2 
in the determination amounted to 1 72 ml of Na 2 S 203 , excess I 2 , 2 31 ml ) 

SUMXIAm 

A rapid and com enient method has been developed for the estimation of 
methionine based on its reversible reaction ivith lodme 
Bj carrx'mg out the reaction at pH 7 in 1 m KI one achieves considerable 
specificitj with the method, inasmuch as such closely related compounds as 
the sulfoxide, sulfomum salts, and acylated and deaminated denvatives of 
methionme do not undergo the reaction 
The mterfcrence, or penodide-forming pow era, of ammo acids is evalu- 
ated by a “blank” after the methionme has been oxidized to the sulfoxide by 
lodate m 1 M HCl The difference m the amount of reversibly bound I 2 
before and after the lodate treatment provides a measure of the methionme 
The presence of tryptophane or homocystme requires modifications m the 
procedure which are desenbed 
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THE ESTIMATION OF AT^UIRINE IN BIOLOGICAL FLUIDS AND 
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The follow ing arc two methods for the estimation of atabnne m biological 
fluids and tissues through the measurement of its fluorescence m an acidic 
env ironment Tlie methods hav'e a high degree of specificity m that they 
e\clude from the estimation the manj' fluorescent degradation products of 
atabnne as well as the naturally occurnng fluorescent components of 
biological fluids and tissues 

The first method is a double extraction procedure It is wholly satis- 
factory for the precise estimation of the concentration of atabrme in the 
plasma, whole blood, tissue, and urine of patients on the usual regimes of 
suppressiv e or defimtn e atabrme therapy The procedure gives recov cries 
of added atabnne w hich average 98 per cent wth amounts as low as 0 I 
7 Vanation at this lev el is usually less than 5 per cent, and is minimized 
when larger amounts of atabrme are present The precision of the estima- 
tion decreases when smaller quantities are present 

The second procedure involves only a smgle extraction Its speed and 
simphcity recommend it for use when possible However, the sensitivity 
of the measurement is somewhat less than that of the double extraction 
procedure 

Double Exlraclion Procedure 

The method described below effects the isolation of the atabrme from the 
biological material by extraction of the free base with ethylene dichlonde at 
pH 8 0 The latter phase is then washed with 2 5 N NaOH and the atabnne 
IS returned as a salt to an aqueous phase of concentrated lactic acid 

General Considerations 

Measurement of Fluorescence — The mtensity of atabrme fluorescence is 
subject to many factors Some of these relate to the activating energy 

* The work described in this paper was done under a contract recommended by the 
Committee on Medical Research between the Office of Scientific Researc an 
Development and New York University 

This work was the subject of a report submitted to the National Researc ounci 

Division of Medical Science, on January 4, 1943 
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and others to the environment m which atabrme occurs It has usuallj’ 
been considered advisable to measure the fluorescence mtensity of atahnne 
m a weakly alkahne solution vith the 365 mu band of the ultraviolet, be- 
cause of the relatively high mtensity of tlie fluorescence obtamed under 
these conditions However, it has been found that the fluorescence of 
atabrme m acid solution is also great vhen the 420 m/i band of the ultra- 
violet is utihzed as the activating energj , and that the mtensit} may be 
enhanced without any sacnfice m the stabihty of the fluorescence by the 
presence of certam acids in high concentrations The mtensity of the 
fluorescence imder the latter conditions appears to be close to the maximal 
obtamable 

It must be appreciated, however, that the mtensity of the fluorescence to 
be measured may be low, since the concentration of atabrme is so low in 
certam of the biological fluids, more particularly plasma The sensitivity 
and precision of the estimation will therefore be conditioned, to a consider 
able extent, by the sensitivity and the stability of the flu orometer used in the 
final assay of fluorescence Several mstruments with satisfactory char 
actenstics are now available The No 12 Coleman electronic photo 
fluorometer has been used in these studies, smee it combmes these essential 
charactenstics with simplicity of operation 
A filter system has been selected which does not result m manifest 
fluorescence ivith extracts of tissues m the absence of added atabnne This 
system consists of a 2 mm No 5113 Commg glass filter (Coleman B4) 
which is used to isolate the activating energy, and a Coming No 3385 
filter (Coleman PC9) which is used to limit the transmission of the resulting 
fluorescent light Advantages which are denved from this combination are 
the large readings obtained ivith atabnne fluorescence m acid solution and 
the ability to augment these by the addition of a non-fluorescent solute 
These are achieved m the method by makmg the final reading m a concen 
trated solution of lactic acid An added advantage of the concentrated 
lactic acid may be its high xiscosity, which appears to be one of the factors 
which operate m the enhancement of atabnne fluorescence 
It has been found that the fluorescence of atabrme is partly a function o 
the tempierature of the medium Frequent cahbration of the instruracn 
with the standard solution results in a diminished intensity of fluorescence 
unless progressive heating of the solution by the ultraviolet lamp is pi^ 
vented This end is achieved by keepmg both standards and samp ® ^ ^ 
water bath at room temperature before and between readings The a 
must not be below room temperature, since otherwise the separation o 
small amount of ethylene dichlonde which is dissolved in the lactic aci ros ^ 
cause turbidity The mfluence of temperature on fluorescence is so grea 
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that the manifest fluorescence maj be increased 40 per cent by cooling the 
cu\ ettc containing the samples and standards in an ice salt bath This pro- 
cedure requires the addition of another ml of lactic acid to prevent the 
separation of the ethylene dichlonde and is not recommended as a routme 
procedure 

Solvents — ^Ethylene dichlonde has been chosen as the orgamc solvent 
It effects the extraction of atabnne in a highlj’’ efficient manner and at the 
same time docs not remoxe many of its fluorescent degradation products 
from the biological sample In addition, it has certain physical properties 
which recommend its use The xmpor pressure and water solubihty are low 
and the specific gravity is high The latter property is particularly im- 
portant m that it minimizes the troublesomeness of emulsions which are 
commonl 3 ’^ associated with orgamc solvent exlractions of biological matenal 
It must be appreciated, however, that, together with the other chlormated 
hj drocarbons, eth 3 dene dichlonde is toxic to the human organism AH 
measurements or transfers of the solvent must, therefore, be made by 
automatic glass equipment 

Lactic acid is the acid of choice m the return of the atabnne to an aqueous 
phase, because of its efficient action in this procedure and because of the 
combmation of properties which produce a large enhancement m the 
fluorescence of atabnne m acid solution (see above) 

Most reagent grades of lactic acid contam fluorescent matenal of a 
foreign nature This is routmely removed by evtractmg the lactic acid with 
ethylene dichlonde in a separatory funnel The lactic acid is then separated 
and shaken with a small quantity of charcoal The charcoal is removed by 
filtenng twice through a Buchner funnel Small amounts of fluorescence 
due to foreign matenal m the ethylene dichlonde do not usually constitute 
a hazard m the procedure However, it is routme practice to remove such 
matenal with charcoal The charcoal is removed m this case by filter- 
ing twice through a double thickness of filter paper which has been prexa- 
ously washed with purified ethylene dichlonde Care must be taken m 
both procedures to remove all carbon particles 

Standard Solutions — strong solution of atabnne dihydrochlonde 
(100 mg per hter calculated as the free base) may be stored mdefimtely m a 
refngerator without detenoration Concentrations of atabnne of 1 mg 
per hter or less are used m the preparation of workmg standards These are 
routmely prepared by dilutmg the concentrated atabnne solution with 0 2 
M NajHPOi This precaution is essential, smee the reversible adsorption of 
atabnne on glass surfaces in the absence of electrolyte would constitute a 
major error at the lower concentrations 
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Procedure 

Add 3 ml of 0 2 m Na-HPOi and 30 ml of ethylene dichlonde to 1 
to 10 ml of biological matenah m a 60 ml glass-stoppered Pyrex bottle 
(blood IS first hemolyzed -nTth 2 parts of water) Shake vigorously for 
5 mmutes, preferably on a shaking apparatus Decant into a 50 ml 
centrifuge tube and centnfuge for 10 minutes at moderate speed to 
break the emulsion Remove the supernatant layer by aspiration A 
solid gel sometimes forms m the ethylene dichlonde which may be broken 
by i igorous stirring with a glass rod A second centrifugation at high speed 
mil then produce a clean separation of the tv o phases Return the ethylene 
dichlonde solution to the ongmal nnsed out bottle, restraming the coagulum 
mth a stimng rod Add an equal volume of 10 per cent NaOH and 
shake for 3 minutes Remove the major portion of the sodium hydrox- 
ide solution by aspiration and transfer the remamder of the contents of 
the bottle to a narrow test-tube Centnfuge for 1 mmute Remove the 
supernatant layer by aspiration, wash the sides of the tube mth water, and 
i-,»*iOve the water by aspiration Pipette exactly 20 ml of the ethylene 
dichlonde into a prepared glass-stoppered bottle,* add 1 ml of water and 10 
ml of 85 per cent lactic acid, and shake vigorously for 5 mmutes Transfer 
to a prepared,* narrow 35 ml centnfuge tube and centnfuge for 1 mmute at 
moderate speed Transfer at least 8 ml of the aqueous phase to a matched 

1 Tissue homogenates maj be simply prepared by the use of an electrically dnven 
homogeniaer A relativelj inexpensive device is distributed by the Scientific Ginas 
Apparatus Company, Bloomfield, New Jersey 1 or 2 gm of tissue are added to 2 or 
4 ml of water and ground to a fine emulsion in a fcv minutes Cell fragmentation is 
the general rule 

It IS essential, because of the distribution of atabnne in whole blood, to relate the 
chemotherapeutic activity of atabnne to its concentration in the plasma rather than 
to its concentration in whole blood This conclusion is derived from the circum- 
stance that the concentration of atabnne in leucocytes is about 400 times that of 
plasma, and that variations in iv hole blood levels are often only a reflection of changes 
in leucocyte count The unequal distribution of atabnne in whole blood requires 
special precautions in the preparation of plasma for analysis The technique used is 
as follows Blood is drawn with adequate amounts of oxalate as the anticoagulant 
It IS immediatelj centrifuged at 1600 n p m for 15 minutes, the upper portion of the 
plasma remov cd, recentnfuged for I hour at 1500 r p it , and then carefully separated 
from anj solid residuum This procedure is deemed advisable in order to remove 
any possibility of contaminating the plasma sample wnth leucocytes or Icucocy e 
fragments , 

* Small blanhs equivalent to 1 to 2 y of atabnne per liter may bo obtained u 
glassware has been previously exposed to air, presumably due to the accumulntion o 
dust The glassware for the second extraction and ccntnfugation must be free o 
water It is rinsed with a small amount of ethylene dichlonde yust pnor o we 
These precautions arc essential in the case of determinations of plasma concen r 
tioas, since these will usually range from 5 to 50 y per liter w ith the usual supprcssi 
or curative regimes of therapv 
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cu\ cttc nnd determine its fluorescence in relation to a properly prepared 
standard No e/Tort is made to read the galvanometer with a greater ac- 
curacj than n quarter of a division 

Tlie sensitnity of the fluorometer is calibrated by an atabnne standard 
prepared in lactic acid The standard used in the routine estimation of 
atabnne dunng ordinarj’ atabnne admimstration to humans is prepared as 
follows Add 1 ml of solution containing 0 5 y of atabnne to 10 ml of 
85 to 90 per cent lactic acid A mixture of 10 ml of lactic acid and 1 ml 
of water is used for the blank setting of the instrument The manifest 
fluorescence of atabnne is a linear function of its concentration m the range 
usually encountered when the measurement is made with a suitable fluor- 
oraeter Consequent!} , the calculation of atabnne concentration is by direct 
proportion 

AUemate Procedure — As noted below ethylene dichlonde extracts of 
human blood and plasma contain httle of the fluorescent degradation 
products of atabnne Consequently, the alkah w'ash is omitted m the 
routine determination of atabnne concentration under ordmaiy conditions 
The procedure is identical with that detailed aboi e until one has produced a 
clean separation of the aqueous and ethylene dichlonde phases after the 
initial extraction A pipette is then carefully mserted below the coagulum 
and exactly 20 ml of the ethylene dichlonde are removed and placed m a 
prepared glass-stoppered bottle 1 ml of water and 10 ml of 85 per cent 
lactic acid are added and the whole shaken vigorously for 5 mmutes, the 
mixture is then transferred to a prepared narrow 35 ml centrifuge tube and 
centrifuged for 1 imnute at moderate speed At least 8 ml of the aqueous 
phase are transferred to a matched cuvette and the amount of fluorescence 
estimated as desenbed m the above procedure 

Results 

Recovenes of atabnne added m known amounts to whole blood and 
plasma were used to assay the precision of the method (Table I) These 
were consecutive runs performed over a penod of several months m con- 
junction with the routine use of the method They give, therefore, a fair 
appraisal of the precision which may be expected with the routine use of the 
method Table I also contains a comparable senes of results obtained with 
the alkali w ash omitted These data mdicate that atabrme added to whole 
blood and plasma is recoverable wuth good precision A limited senes of 
analyses mdicates that equally good results are obtamable when the 
procedure is apphed to unne 

In Table II the results obtamed when whole blood and plasma are an- 
alyzed with and without the alkah wash are compared The blood of the 
latter senes was obtamed from patients dunng a course of atabnne therapy 



Table I 

Reenery of Atabnne Added to Whole Blood and Plasma mth and mthonl NaOH 
Extraction Double Extraction Method 
10 ml samples were used 
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Table II 

Comparison of Atabrine Estimation tn Human Blood and Plasma with and without 
Alkali Extraction Step Double Extraction Method 


Whole blood 

Plasma 

Unwashed 

Washed 

Unwished 

Washed 
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37 
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The small difference obtained mth the two procedures m this senes is the 
basis for the judgement that an alkali wash is not essential for most routme 
determinations on these fluids Similar results have been obtamed on the 
blood and plasma of dogs to which atabnne had been administered for 
seicral months On the other hand, the unne of both dogs and humans 
contains appreciable amounts of fluorescent atabnne degradation products 
which arc extractable bj ethylene dichlonde It is necessary, therefore, to 
include the alkali wash m the procedure when unne is analyzed 
Analjaes run on single samples of blood over a penod of several days 
mvanably gi\ c highly reproducible results This mdicates that atabnne m 
blood or plasma is quite stable when stored m a refngerator 

Comment 

The precision of the procedure is related to the absolute amount of 
atabnne contained m the sample rather than to its concentration Samples 
of blood or plasma as large as 10 ml need be used only when the concentra- 
tion of atabnne is m the range of 30 y per hter or less Actually, good pre- 
cision may be obtamed at considerably lower concentrations than this with 
no larger volume of sample, provided special precautions are taken m the 
matchmg of cuvettes and the cleaning of glassware 
It might be thought that a reasonable procedure for obviatmg the alkah 
wash m all cases is to utihze a strongly alkalme medium dunng the mitial 
extraction tJnfortunatel> , this is not a feasible procedure, at least for 
whole blood or plasma Atabnne is quite unstable in dilute solutions when 
exposed to strong alkali and there is a consequent loss m precision Sec- 
ondly, extraction from strongly alkalme blood or plasma results m gel forma- 
tion m the ethylene dichlonde phase which is broken ivith difiiculty 

Single Extraction Procedure 

The smgle extraction procedure mvolves the measurement of atabnne by 
its fluorescence in the initial ethylene dichlonde extract of the biological 
matenal This measurement is made subsequent to the addition of acetic 
acid which serves to stabilize and enhance the fluorescence The speed and 
simplicity of this method recommend it for most tissue analyses, even 
though it has somewhat lower sensitivity than the lactic acid procedure 
The sensitivity of the method permits the estimation of atabnne dowm to 
0 5 7 with good precision The blank is neghgible m unne and organ tis- 
sues, while m plasma and whole blood the blanks are equivalent to 2 and 
4 7 of atabnne per hter The method is therefore not recommended for 
ordmary use ivith plasma because of the low concentration of atabnne 
commonly observed m this fluid 
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General Cbnsideraltons 

Measurement of Fluorescence— A Coleman glass filter No B- (combma- 
tion of Commg No 5113, 2 mm , No 3389, 2 mm ) is used to isolate the 
activatmg energy and a Coleman Filter PC9 to limit the transmission of 
the fluorescent hght This Alter combmation dimmishes the sensitmty 
obtainmg -mth the Commg No 5113 filter alone, but is used to exclude the 
large amoimt of fluorescence derived from normal components of biological 
matenal 

Fluorescence measurements taken directly on ethylene dichlonde ex- 
tracts are theoretically less specific than those obtained m a double extrac- 
tion procedure Actually, however, only a small difference has been 
obserx'ed between the two piocedures when applied to blood and no dif- 
ference when applied to urme of dogs and humans obtamed dunng a course 
of atabrme therapy The difference m the case of blood averages 5 per 
cent, and maj be accounted for, m part, by the blank which is only present 
m the smgle extraction procedure 

Solvent — Ethylene dichlonde is used as the organic extractor largelj 
because of the reasons mentioned abo\ e An additional consideration m 
the present procedure is that only small amounts of mterfenng substances 
are extracted from biological matenal ivith the solvent This reagent is 
highlj vanable m the amount of foreign fluorescent matenal which it con 
tains However, the impunties maj^ be easily remoied wath charcoal 
unless present in excessive amounts (see abox e) 

Buffer — A borate buffer of pH 11 5 is used to adjust the samples to pH 
9 5 to 10 before extinction wath ethylene dichlonde This is prepared ns 
follows To 50 ml of 0 6 m bone acid m 0 6 m KCl add 50 ml of 0 6 m 
NaOH A blood pH of 9 5 to 10 has been selected to mmimize the extrac- 
tion of mterfenng pigments which are extractable in significant amounts 
from human blood or plasma at a lower pH (8 0) The error due to the 
extraction of pigment at the higher pH is neghgible except in the rare case 

Procedure 

Add 1 part of borate buffer to 1 part of biological matenal m a 60 ml glass 
stoppered bottle ^ (The blood is first hemolyzed with 2 parts of water ) 
Then add 15 ml of ethjlene dichlonde and shake ngorouslj for 5 minutes, 
preferably on a shakmg apparatus Decant the muxture mto a 50 ml 
centrifuge tube and centrifuge for 10 minutes at a moderate speed to brea 
the emulsion Remove the supernatant aqueous layer by aspiration ^ 
solid gel sometimes forms in the ethylene dichlonde phase This may c 

’The glassware in the single extraction procedure must be scrupulous!} clcan^ 
The bottles end centrifuge tubes are kept in calgonite solution and rinsed jus pn 

use These precautions are necessary to prexent extraneous fluorescence ue 
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broken bj'' \ngorous stirring mth a glass rod A second centrifugation will 
then produce a clean separation of the ethylene dichlonde Eetum the 
ethjlcne dichlonde solution to the nnsed out bottle, restraining the 
coagulum nitli a stining rod Add an equal volume of 10 per cent 
NnOH and shake for 3 minutes Remoie the major portion of the so- 
dium hj dro\ido solution aspiration and transfer the remamder of the 
contents of the bottle to a narrow test-tube Centnfuge for 1 mmute 
Rcmoie the supernatant layer by aspiration AVash the side of the tube 
with wafer and repeat the aspiration Pipette 10 ml of the ethylene di- 
chlondo directly into a cu\ette contammg 1 ml of glacial acetic acid 
Shght turbidit} of the ethj lenc dichlonde does not introduce an error, smee 
it clears in the presence of acid The readmg of fluorescence is made m 
relation to a propcrl} prepared standard mth the same precautions as 
noted above 

The standard used in cahbratmg the sensitivity of the mstrument is 
prepared as follows aqueous solution of atabrme buffered as above is 
extracted with eth3lenc dichlonde and handled m the same manner as the 
biological sample Ethj lene dichlonde is used as the reagent blank The 
computation of atabnne concentration is by direct proportion 

AUcmalc Procedure — The alkaline wash of the ethylene dichlonde ex- 
tiacts may also be onutted when the present procedure is apphed in a 
routine manner to human whole blood and plasma, smee these contam httle 
of the fluorescent degradation pioducts of atabrme The procedure is the 
same as the one described above until a clean separation of the ethylene 
dichlonde and water phases after the initial extraction is obtamed A 
pipette IS then carefullj’’ inserted below the coagulum and about 10 ml of 
the ethylene dichlonde are transferred directly to a cuvette contammg 1 
ml of glacial acetic acid The amount of fluorescence is estimated as 
desenbed m the above procedure 

Results 

Atabnne added to whole blood and unne is recovered with good precision 
as shown m Table III The data m Table IV mdicate that the estimation 
of atabnne concentration by the smgle extraction procedure yields results 
somewhat higher (averagmg 5 per cent) than the double extraction proce- 
dure when these are apphed to the blood and urme of patients during a 
course of atabnne therapy 

Comment 

The single extraction procedure is not as sensitive as the double extrac- 
tion procedure However, it may be used to advantage for many routme 
purposes The lessened sensitivity results largely from the presence of a 
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blank which is due to the presence of extraneous fluorescent material de- 
nved from the biological sample The quantity of this material is small 
and may be neglected for most purposes when the concentration of atabnne 
is higher than 50 t per hter 


Table III 


Rccoiery of Atahnne Added to Whole Blood and Urtnc Single Exlraclion Method 
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Appraisal of Specificity 

The above methods appear to have adequate precision for most purposes 
Hovever, their general usefulness also depends upon the completeness wt 
which extraneous fluorescent matenal is excluded m the analysis T is 
aspect of the problem is somewhat simplified by the absence of a sign cm 
blank m ethylene dichlonde extracts as usually prepared from atabnne- ree 
biological fluids The degree to which the methods are specific in sue a 
circumstance will depend upon the extent to which they exclude cores 
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cencc due to the degridation products of ntabnne in the final estimation of 
fluorescence 

Ihc mtcnsitj of the fluorescence manifested bj' a solution containing an 
acndtne is dependent in part upon tiic arrangement of the optical sjstem 
and m part upon certain charactcnstics of the solution The latter have 
been used to obtain additional eiidence on the degree to nhich the recom- 
mended procedure is specific It is not suggested that such an examination 
should be substituted for that utilized bv Craig (1) but it does give im- 

Table IV 

Companion of Single and Double Exiraclion Procedures 



Atabrme 

Sin;;}e extraction 

Double extraction 
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portant suppleroentarj' information on the specificity of the method through, 
the use of different criteria It also presents a general method winch may 
be used to some advantage in a more general fashion, particularly m situa- 
tions m nhich the amount of the fluorescent material available for study 
IS small The technique mvolves the measurement of the fluorescence 
manifested bj a solution at a constant temperature but at various concen- 
trations of HCl and NaOH The vanation in the intensity of the fluores- 
cence under these conditions results from the operation of such factors as 
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the pH, the ionic strength, the chloride and sodium concentration, and 
perhaps the viscosity of the solution 
The routme procedures recommend the use of lactic acid as the final 
extractor of the atabnne pnor to the measurement of fluorescence, or the 
measurement of fluorescence in the ethylene dichlonde phase itself 
Howeier, essentially all of the fluorescent matenal rvhich is extractable by 
ethylene dichlonde from plasma, whole blood, or urme at a pH of 8 to 10 
can be returned to an aqueous phase with any one of a number of acids, 
mcluding concentrated lactic acid and 0 1 n HCl Consequently, if the 
fluorescent matenal remammg in the ethylene dichlonde phase subsequent 
to washing with 2 5 n sodium hydroxide has the fluorescent charactenstics 
of atabnne, then the probability that the method has the desired specificity 
has been strengthened 

Punfied samples of atabnne dihydrochlonde and a senes of other acn 
dines were used to construct curves m which fluorescence is related to the 
strength of acid or alkah m the solution The atabnne cun'e, so con 
structed, has then been used as a standard of reference for companson with 
similar curves which descnbe the fluorescent charactenstics of the matenal 
contamed m ethylene dichlonde extracts of the blood and urme of patients 
and dogs receiving atabnne 

Procedure 

Each test run started with a solution of the acndme m 0 1 n HCl at a 
concentration of 0 5 to 1 0 7 per ml 1 ml aliquots of the solution to be 
exammed were placed m a senes of fluorometer cuvettes and 10 ml of van 
ous strengths of sodium hydroxide or hydrochlonc acid were added 
Fluorescence was then measured by means of the same filter system as nas 
used in the double extraction procedure A value of 1 0 was assigned to 
the fluorescence observed with the solution to which the 1 0 n hydrochlonc 
acid had been added The observations w'ere performed at room tempera 
ture A constant temperature for all samples m any nin was assured b> 
placmg the cuvettes m a water bath for some time before and between 
readmgs of fluorescence Moderate vanations in the absolute temperatum 
at which readmgs are made do not constitute a source of error provided 
the temperature is the same for all tubes m the senes 
Four general types of solutions were exammed They were prepare as 

follows JA tnn 

Samples of pure acndinc solutions (Fig 1) were prepared by the a i > 
of a small amount of the acndme to 0 1 n HCl The senes o acn ^ 
selected for exanunation included atabnne, three relatively simple acn m ^ 

and two more complex aendmes related somewhat to atabnne itee 

structural relationships of these six aendmes are as follows (1) _ 

6-chloroacndone-9, (2) 2-methoxy-G-chloro 9 ammoaendme, ( ) 

6 ,9-dichloroacndme, (4) 2-methoxy-6-chloro-9(3-diamylammopropj 
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moacndmc, (6) 2-mothoxj-6-cyano-9(l-diethylammo4-inethylbutyl)am- 
moacndine, (6) 2-nietho\-y G cliloro-9(l-dietbylammo-4-metliylbutyl)- 
aminoacndine {alahnnc) 

Mixtures of pure acndvics (Fig 2) wcic prepared m order to examine 



NaOH AOOEO NORMAUTY Of HCI ADDED 

Fia 1 riuoresconce charoctenstics of a Benes of pure aendme solutions 



NORMALITY OF 

NaOH ADDED NORMALITY OF HCI ADDED 

PiQ 2 Pluoreseenco characteristics of mixtures of pure acndines The 9-acndone 
and atabrme mixture consists of atabrine contaminated Tilth a trace of 2-methoxy-6- 
chloroacndone-9 The latter compound is too insoluble to make a solution of knoirn 
composition The 9-amino and atabnne mixture consists of 10 per cent 2-methoxj - 
6-ohloro-9-aminoaondine and 90 per cent atabnne 
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the fluorescent charactenstics of atabnne contaminated by small quantities 
of other acndmes These mixtures were as follows (1) 90 per cent nta 
bnne and 10 per cent 2-methoxy-6-chloro-9-ammoacndine, (2) atabnne 
contaminated with a trace of 2-methoxy-6'Chloroacndone-9 
Ethylene dtchlonde extracts of human and dog plasma, xuhole blood, and 
unne (Fig 3) m the absence of the sodium hydroxide wash Biological 
samples were obtamed from mdmduals to whom atabnne had been ad 
ministered for some days The samples were extracted ivith ethjlene 
dichlonde at pH 8 to 10 The fluorescent matenal in the ethylene di 



N0RUM.ITY OF 

NaOHAOOtO NORMALITY OF HCI ADDED 

Fjq 3 Fluorescence charactensties of the fluorescent material contained in cth\l 
2 dichtonde extracts of biological material in the absence of an altahne a ash 
le dog and human from n hich the samples w ere obtained bad received atabnne for 
Feral days previously 


chlonde was returned to an aqueous phase by extraction ivith 0 1 n hydro 
chloric acid , 

Ethylene dtchlonde extracts of human and dog plasma, whole blood, on 
unne (Fig 4) prepared as m the method described under “Double cxtrac 
tion procedure ” The biological samples used in this senes w'ere 
as those above They were extracted with ethylene dichlonde at p 
10 , the ethylene dichlonde w as then extracted with an equal volume o 
N sodium hydroxide and washed with water The fluorescent 
the ethylene dichlonde was then returned to an aqueous phase y cx 
tion wnth 0 1 n HCI 
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Results 

The results on the pure aendme solutions are summanzed m Table V 
and Fig 1 The data in Table V indicate that at a constant strength of 
acid vanous acridines manifest quite different intensities of fluorescence 



KaOH ADOCD NORUAUTy or HCI added 

Flo 4 Fluorescence cliaractenstics of ethylene dicblonde extracts of biological 
material after these extracts ere washed with 2 6 s NaOH 


Iable V 

Relaltie Valves for Inlenstly of Fluorescence Manifested by Six Acridines at a 
Concentration of 1 Mg per later in 1 0 if HCI mth Standard Filter Arrangements 


Compound 

Galvanometer readmg 

2-MethoKy-6-cblaroacndoae-9 (saturated eolation) 

100 

2-Metho\y-6-chloro-9-aminoacndine 

400 

2-Methoxy-6,9 dichloroacridine 

7 

2-Methoxy-6-chIoro 9(3-diamylaminopropyl)aminoacri- 


dine 

46 

2-Methoxy-6-oyano-9(l-diethylaraino-4-methylbutyl)- 


aminoacridine 

26 

2-Methoxy-6-chloro-9(l-diethylamino-4-methylbutyl)- 


aminoacndine 

45 


Furthermore, it is apparent from Fig 1 that the fluorescence of each aendme 
vanes m a systematic manner ivith vanations m acid or alkali strength and 
that the vanation is characteristic for each aendme The curves relatmg 
fluorescence mtensity to acid and alkah strength are highly reproducible 
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It may be predicted from these results that the degree to which the 
fluorescence characteristics of a mixture of acndmes will depart from the 
standard curve for each depends upon two factors The first of these is 
the absolute magmtude of fluorescence of each of the acndmes of the 
mixture at the standard hydrochlonc acid concentration of 1 0 n The 
second is the degree to which the curves descnbing the fluorescent charac 
tenstics of each differ, one from the other The curves constructed from 
a solution of atabnne contaminated by other acndmes are given m Fig 2 
Calculations performed upon data from such curves mdicate that the cune 
observed m the case of a mixture of known composition is the simple anth 
metical mean of the curves of the separate constituents 

It may be concluded from these considerations and from the curves 
descnbmg the fluorescent matenal in the four biological extracts shown m 
Fig 3 that the latter extracts contain fluorescent matenal mth charac 
tenstics that differ from those of atabnne It is to be emphasized that the 
departure of these samples from the standard curve of atabnne is not due 
to the mampulations of the procedure This possibihty has been excluded 
by the observation that atabnne added to whole blood and urme may be 
extracted with ethylene dichlonde and then with 0 1 n HCl Without change 
of its fluorescent characteristics The curves denved from the biological 
samples do not yield mformation on the order of magmtude of the con 
tammatmg substance or on its nature The vanation from the normal 
curve may result from a small amount of a substance with a relatively high 
fluorescence or a large amount of a substance with a relatively low fluores 
cence 

The curves presented in Fig 4 are from data which describe the fluores 
cent characteristics of matenal extracted from the same biological samples 
as were used m the experiments summarized m Fig 3 with but one dif 
ference This consisted m an alkalme wash of the mitial ethylene di 
chlonde extract, as in the analytical procedure The data descnbmg the 
characteristics of those extracts fall so closely along a curve which is charac- 
teristic of atabnne that it is unlikely for a significant amount of the fluores 
cence to be due to other matenal 

Similar results have been obtamed from a senes of samples of whole blow 
and urme denved from five patients and three dogs It may be concludw 
from these data that those contammants which cause departure from t e 
standard curve in Fig 3 can be removed by an alkalme wash 

Comment 

Craig (1) has exammed the solubihty characteristics of the fluo^cent 
matenal which is extractable by ethylene dichlonde from blood an unne 
of dogs and humans dunng a course of atabnne therapy The examina lo 
mcluded the measurement of the distnbution of the matcna an 
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manifest fluorescence m a system composed of eth 3 'lene dichlonde and 
water-met In! alcoliol im\tures The examination was made at constant 
temperature and constant pH, tlie latter being obtained by the use of a 
cacodjlatc buffer Die distnbution of the fluorescent material and the 
mtcnsitj of the fluoi-esccncc in each of the two phases of such a system 
depend upon the tcmiieraturc, the pH of the aqueous phase, the dissociation 
constants of the fluorescent matcnal, and the phenomenon of quenchmg 
Ethjlcne dichlonde extracts of blood and mine contained fluorescent ma- 
tenals, presumably degradation products of atabnne, which diverged m 
their combined solubilitj fluorescent charactenstics from pure atabrme 
solutions Howexer, it was further demonstrated that these products are 
soluble in strong alkali and ma}' be quantitatively removed bv washmg the 
cthj'lcnc dichlonde extracts wath 2 5 n NaOH The residual fluorescent 
matenal was then found to have solubility charactenstics which are identi- 
cal with those of atabnne It was m consequence of the latter findmg that 
the alkali wash was incorporated m the analytical procedure 
Craig’s work, together with that presented aboxe and other unpublished 
studies,'' clearlj' indicates that m the metabolism of atabnne degradation 
products are produced, some of which are fluorescent However, the 
proposed method has a high degree of specificity, because it excludes these 
products in the final estimation, as evidenced by both the solubihty and 
fluorescent chaiactenstics of the matenal which is present m the final 
measurement This result is achieved m part by the choice of ethylene 
dichlonde as the organic solvent and in part by washmg the ethylene di- 
chlonde extract with strong alkali One of the groups of degradation 
products IS insoluble m ethylene dichlonde and is left behmd m the mitial 
extraction The other group is extractable by ethylene dichlonde, but 
can be removed from this solvent by a wash with 2 5 N sodium hydroxide 
The latter group is quantitatively unimportant in the case of plasma, whole 
blood, and the tissues of humans and dogs Consequent! j', the alkahne 
wash may be omitted for many routme purposes However, most unne 
samples contain considerable amounts of these products and an alka ne 
wash IS, therefore, essential even for routine determinations 

DISCUSSION 

A method for the estimation of atabnne in biological fluids and tissue 
should be useful in sexeral general ciicumstances It wall permit t e e 
tailed study of the general pharmacology of the drug as well as the study 
of its specific use in the suppression and treatment of malaria Informa ion 
on the plasma concentrations of atabnne in either of the lattCT con i ions 
should proxe as helpful in the quantitative control of such therapy as is 

* Seudi, J , unpublished observations Bush, T M , Butler, T C , and Greer, 
C M , unpublished observation 
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information on the plasma concentration of the sulfonamides m the control 
of sulfonamide therapy 

Tno procedures have been described for determming atabnne The 
general usefulness of the more simple smgle extraction procedure is limited 
someuhat by its lesser sensitmty The mherent specificity of the proce 
dure appears to be as great as that of the double extraction procedure except 
for the presence of a small blank which precludes its use at low atabnne 
concentrations 

The method of choice m any situation mil depend on the concentration 
of atabnne in the biological sample to be analyzed as well as on the size of 
the sample axailable for analysis The single extraction procedure is 
advised when the concentration of atabnne is at least 50 y per liter and the 
amount of atabnne available for analysis is m excess of 0 5 y It should be 
noted, however, that special precautions must be taken to avert errors due 
to the presence of extraneous fluorescence when the single extraction 
procedure is used in this range of concentration 

The alkalme wash is only recommended when it is important that the 
measurement be wholly specific Studies concerned with the pharma- 
cologj' of the drug and its distnbution and excretion fall m this general 
category On the other hand, it is usually unnecessary to include this step 
in the routine estimation of plasma atabnne concentration when the latter 
datum is to be used in the appraisal of atabnne therapy The error due to 
such an omission will usually be less than 10 per cent 
A method, somewhat similar to the double extraction procedure, has 
been recently developed elsewhere as the result of independent work (2) 
Extensive compansons betw’een this and the present methods have not been 
undertaken However, it is known that the method has a sensitivity of 
the same order as the double extraction procedure and includes in the 
estimation a portion of the fluorescent degradation products of atabnne 
The amounts of the latter compounds are not greatly in excess of those 
which are included in the double extraction procedure in the absence of an 
alkali w'ash of the ethylene dichlonde It w ould appear from this that it 
was suited for the routine of clinical therapy However, its use for other 
purposes is problematic at the moment Information is not available to 
indicate w hether the method may be modified to make it wholly specific, 
as is the case for the present procedure A disadvantage of the metho 
stems from the fact that it is not capable of modification into a more 
sunple smgle extraction procedure 

6UMMARV 

Simple precise methods are descnbed for the estimation of atabnne m 
biological fluids and tissues 
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Atabnne is isolated from the biological material by an extraction of the 
free base inth ethvlcnc dichloridc at a pH of about 8 The ethylene di- 
chlonde extract is then washed free of degradation products with 25 n 
sodium hj droxidc and the atabnne is returned as the salt to an aqueous 
phase of concentrated lactic acid The estimation of atabnne concentra- 
tion IS then made In its fluorescence in the lactic acid 
The second method for the estimation of atabnne involves the measure- 
ment of fluorescence in the ethylene dichlonde phase The speed and 
simphciti of this procedure recommend it foi routme use when the concen- 
tration of atabnne in the biological sample does not require excessive 
sensitn ity on the part of the method 
These methods are specific for atabnne in that they do not mclude the 
degradation products of atabnne 

BinniOGRAPHY 

1 Craig, L C , / Slot Chem , 160, 33 (I9t3) 

2 Maien, J M , J Biol Chem , 148, 629 (1943) 
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TjTothncm -was shaken wnth ten portions of a ini\-ture of equal volumes of 
acetone and ether (usp) This extraction nas performed tnice more 
The extract n as concentrated to a thin sjTup and poured into usp ether, 20 
times the mass of the t 3 Tothncin The resultmg precipitate vas extracted 
three times with thnce its volume of a mnxture of equal volumes of acetone 
and absolute ether The ether and the ether-acetone solutions were com 
bmed and evaporated to dryness in vaaio, and the residue vas crystallized 
from anhj'drous acetone repeatedl}’-, as described by Hotchkiss and Dubos 
(7) Our 5 'ields have been about 5 per cent, similar to those of Gordon, 
Martin, and Synge (2) Much material of composition similar to gramici 
dm remamed m the first acetone mother liquor 
Hj’drolysis of gramicidm uas earned out as desenbed by Hotchkiss (3), 
a carbon dioxide atmosphere bemg mam tamed It was found possible to 

add all of the hydrochlonc acid dunng the first 2 hours of hydrolysis mth 
out causing precipitation 

At the termmation of the hydrolysis period, the solvent was removed in 
vacuo and the residue repeatedly treated with water and exposed to a \ac 
uum at 100°, to remove excess HCl The hydrolysate m aqueous solution 
was then shaken with an excess of silver oxide to remove chlonde The 
silver was removed with h^'drogen sulfide, and residual hj'drogen sulfide 
removed tn vacuo The copper salts were now prepared and fractionated 
according to the method of Brazier (5) The fraction soluble in both vatci 
and methanol was freed from copper with hydrogen sulfide, and hjdrogen 
sulfide was removed tn vacuo 

Bcmoylvalylvahne — Matenal obtamed as just desenbed from a hjdrol} 
sate representmg 1 gm of gramicidm was adjusted to 25 ml and benro 
jdated at 0° with benzoyl chlonde equivalent to three or four times ^ 
nitrogen present, the pH bemg mamtamed at about / (with phenol red 
indicator) with 4 n sodium hydroxide solution The benzoyl chloride 
added m four portions, and rapid agitation mamtamed until no more alK^ 
was required The solution was filtered, acidified with sulfunc acid, an , 
after a few hours at 5°, the precipitate was removed, w'ashed and dn , 
and extracted wnth warm petroleum ether to remove benzoic acid c 
residue was dissolved m boilmg acetone, from which large clear monoc mic 
prisms separated after several hours at 5° These w ere reco stallizcd rce 
times from acetone The meltmg pomt was 218°, corrected, the 
tion equivalent, calculated 320 2, found 325 No nitrogen was re eas 
nitrous acid and only the carboxylic dissociation could be de ec c 
electrometnc titration from pH 2 to 12 

AnalBSt8-C„H,.N,0, Calculated C 63 71, H 7 56, N 8 75 

Found •' 63 88, “ 7 81, “ (Dumas) 8 SO 

The compound was highly insoluble m water, insoluble m 
and soluble m alcohol and glacial acetic acid A blue corap ex 
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mth alkaline cupric sulfate solution No optical activity could be de- 
tected for the benzoyh ah h aline sodium salt m 0 3 per cent aqueous solu- 
tion Thanks arc due to Dr Paul D Baitlctt for assistance with this 
detemimation Tiie preparation cmplojed as well as those studied below 
was obtained from gramicidin which had been h 3 ''drol 3 'zed 6 hours Con- 
sidenng the conditions of the detemimation, the rotation could not have 
been greater than ±2° 

Hydrolysis of Benzoyl Derivative — 12 mg of the above compound were 
h 3 drolyzed with 0 2 ml of G N h 3 'drochlonc acid m a sealed tube at 110° for 
24 hours About 12 hours were requned completely to dissolve the mate- 
nal Benzoic acid was evtracted from the h 3 'drol 3 'sate with benzene, this 
extract was washed once with water and titrated in the presence of 2 ml 
of water to the phenol red cnd-point with standard alkali 1 equivalent of 
benzoic acid for ever 3 350 gm of the benzo 3 1 derivative (theory, 320 5 gm ) 
was recoxcred Cr 3 stals of benzoic acid (meltmg at 121°) were isolated 
upon acidification of the titrated aqueous phase 

The aqueous h 3 'drol 3 'sate remammg after removal of benzoic acid was 
repeatedlv taken to di^mess with small portions of w’ater to remove HCl 
The residue was dissolved m 2 5 ml of water and titrated, a glass electrode 
being used The presence of 2 equivalents each of acidic and basic groups 
for each mole of benzo 3 ’l derivative was shown, with pK values of about 
pH 2 3 and 9 5 The form of the a-curve (8) did not indicate any differ- 
ence in the dissociation constants of the tw'o carboxyl groups, nor of the two 
basic groups, respectivcl 3 ' The titrated solution was washed into a 10 ml 
volumetric flask and made to volume Ammo nitiogen determmations on 
1 ml ahquots showed that all the nitrogen was released m 3 mmutes by 
nitrous acid 

1 65 mg of the benzoylva^dvahne w'ere h 3 'drolyzed 2 hours m a boiling 
mixture of 1 ml of acetic acid and 4 ml of 6 n HCl The hydrolysate was 
taken to di^mess and w'ashed mto the Van Slyke apparatus 0 146 mg of 
N, or 101 per cent of the total N present, was recovered as ammo N by the 
action of nitrous acid 

Vahne Hydroehlonde — A h 3 'drolyEate prepared m the same manner from 
10 mg of the benzoyl derivative was freed from benzoic acid, excess hydro- 
chlonc acid, and water The product dissolved very readily m absolute 
ethanol Addition of 5 volumes of dry ether caused precipitation of trans- 
lucent crystals These were dried at 100° in vacuo over PjOs The 3 ueld, 
on the basis of nitrogen analysis, was 90 per cent of the N of the benzoyl 
denvative Acetylatable groups, detennmed by a slight modification 
(mvolvmg measurement of about 20 c mm of acetylatmg mixture by micro 
pipette, and acetylatmg m sealed ampules) of the method of Stodola (9), 
were 1 05 per N atom The analyses for C, H, and N revealed the presence 
of water, but were not mconsistent with the results to be anticipated 
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from the hydrochlonde of an ammovalenc acid No optical rotation could 
be detected 

Acctyl-dl-valinc — The remaming 8 ml of the solution recovered from the 
above electrometnc titration were concentrated to 0 5 ml and acetylatcd 
with acetic anhydnde at 0° (10), 3 equivalents of acetic anhydnde being 
used to increase the jueld, and the danger of racemization disregarded The 
solution -was then acidified and the acetyl derivative was extracted bj CO 
volumes of chloroform used m three equal portions 90 per cent of the N 
vas extracted The chloroform was removed in vacuo, benzene nns added 
to the residue vhich dissohed but crystallized out at once The crj’stals 
Mere dissolved m acetone and recrj'stalhzed by the addition of benzene 
80 per cent of the origmal N was recovered Tlie meltmg point was 149°, 
corrected Martin and Synge (6) give 144-146° for acetyl-df-vahne, 157- 
158° for acetj'l-Z(-l-)-valme 

Analj/sis— C tHijOjN Calculated C 52 80, H 8 23, N S 80 

Found “ 53 15, " 8 64, “ (Kjeldahl) 8 93 

Neutralization equivalent Theory 165, found 171 

The two foregomg expenraents established that an ammovalenc acid> 
apparently df-valme, accounted for both of the nitrogen atoms of the ben 
zoyl derivative of the peptide 

-p-Toluencsulfonyl-dl-vahnc — ^An aqueous solution prepared by hydroljsis 
of the benzojl denvative and removal of benzoic acid and excess of hjdro 
chloric acid, m the manner already described, w’as treated with p toluene 
sulfonjl chloride and alkah as desenbed m the case of alanine b} Bergmann 
and Niemann (11) The p-toluenesulfonj 1 derivative was crjstallizcd 
tw ice from 30 per cent alcohol and dried 5 hours at 100° in vacuo o\ cr phos- 
phorus pentoxide 50 per cent of the N of the benzojl denvative vas 
recovered l{+)- and df-valme were converted to the p-toluenesulfonjl 
de^^atlves in the same manner The meltmg point of the compound 
derived from gramicidin was 170°, corrected, that of p-toluenesulfonji 
f(-l-)-vahne 147° (this value is given by Karrer and Veer (12)), of the dl 
valme denvative 170°, and of a muxture of the unknoira and the d/-valmc 
denvative 170° p-ToluenesuKonyl-df-valme apparently has not been 
desenbed 

This experiment proved that the ammovalenc acid was dl-whne 

DISCUSSION 

The foregomg evadence for the existence of valjlvaline as a portion o 
gramicidm provides the first available information concerning the arrang^ 
ment of the ammo acid residues of the polypeptide molecule If t 
cule contams two valjl residues as suggested by Hotchkiss (1), t 
occur m juxtaposition Our data do not permit conclusion as to 
ah ol the valme m gramicidm occurs m juxtaposition to other v alj ic. 
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The partml stnbiliU of thi >5 dipeptide to acid hydrolysis for 24 hours may 
be compared wifli the ‘;lnbili(\ observed bj Aberhalden and '^^assopoulos 

(13) at 37° to normal alkali Tlie ready cleavage of the benzoyl denvative 
is m agreement with their obscnations of the hjdrolj^sis of 2-naphthalene- 
sulfonj h al} h ilinc and gl^ cj 1\ ah Ivaline by normal alkali at 37° They 
found in general that the peptide bond of acyiated dipeptides is less stable 
than the same bond in the dipeptides themselves The formation of this 
dipeptide from gramicidin must depend not onl 3 " upon its stability, but also 
upon the nature of the residues adjacent to it Abderhalden and Komm 

(14) isolated from swine bristles, after 14 dajs of hj’-drolj'sis by 70 per cent 
sulfuric acid at 37°, a substance which appeared to be valylvahne The 
rotation (+3 5°) and melting point, howeier, differed markedly from those 
found bj' Abderhalden and ^Hassopoulos (13) for synthetic f(+)-yalyl- 
((+)-vahno ([a)D° = —54°) Fischer and Scheibler (15) synthesized 
d(— )-val 3 l-l(+)"aalinc, specific rotation —74° 

There are three possibilities regarding the presence of racemic vmline in 
gramicidin h 3 drol 3 sates the \ aline maj have been racemized selectively 
dunng h} droh'sis, it may be racemic onginally, or d- and 1-valine may co- 
e\ist at separate points m the molecule The isolation of valylvahne 
indicates that if the last is the case, then the two enantiomorphs occur m 
contiguity m gramicidin The apparent optical inactnnty of the compound 
isolated contnbutes esidence for the existence in gramicidin of racemic 
valme and racemic valj'lvahne The possibility that both valyl residues 
have been racemized dunng mampulation still exosts, but seems small con- 
sidenng that the ammo group of one residue has not been disengaged from 
the peptide link, and considenng the short period of hydrolysis employed 
If vahne and valyh aline are present m racemic forms, gramicidm as iso- 
lated would seem to consist of isomenc compounds dilTermg as to the con- 
figuration of the valme occurring m two specific positions in the molecule 
Whether the dipeptide derivative isolated contains one or both of the 
possible pair of enantiomorphic valylvahnes is not yet knowm 

SUMMAHY 

Valylvalme has been Lsolated as the benzoyl denvative (meltmg at 218°) 
from hydrolysates of gramicidm prepared by boilmg this substance wath 
16 per cent hydrochlonc acid for 6 or for 24 houra The resulting ammo 
acid mixture is subjected to fiactionation as the coppei salts and the frac- 
tion soluble both m water and m methanol is freed from leagents and 
benzoylated No val 3 Ivalme could be isolated when the h 3 ’’drolysis penod 
was I educed to 2 hours The benzo 3 !valyl valme appeared to be optically 
inactive Upon complete hydrolysis, this benzoyl denvatme has been 
shown to 3 ueld benzoic acid and 2 molecules of dl-valme The valme has 
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been identified as the acetyl denvative and the p-toluenesulfonyl derivative 
(melting at 170°) 

The implications of the presence of valylvalme in gramicidin h\drol 
ysates have been discussed 
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MODIFICATION OF HOLDEN'S GASOMETRIC METHOD FOR 
DETERMINATION OF CARBON DIOXIDE FORMED BY 
'i'EAST VCTION, AND ITS APPLICATION TO SUGARS 
IN V VRIOUS COMBINATIONS IN BIOLOGIC MEDIA* 

WILLI ViM n 1 HOMPSON 

(I rom the Dm^wn of jMhornlonct and Research, Vew I erA State Department of Health, 

Albany) 

(Rcccuctl for publication, Julj 29, 19-13) 

Holden (1) has described a method for direct estimation of fermentable 
blood sugar b3 measurement of the CO- produced b^ the action of hve 
j east in the mnnomctnc apparatus of Van Slj ke and Neill (2) We have 
been unable to use the special brewers’ jeast favored by Holden (Fleisch- 
mann Laboratories, No 2019) because of difficulties of supplj' and trans- 
portation, and ha\ e had recourse to an alternative used also by Holden, 
Fleischmann's bakers’ jeast,’ which is supplied in cakes for retail trade 
In our earlj work, bj' Holden’s macromethod with the tuning scheme 
given in his addendum, we encountered great vanabihtj' m blank deter- 
nunations In sj'stcmatic work with a smgle manometnc apparatus, it 
seemed possible to obtain satisfactoij’’ results bj introduction of corrections 
for temperature change and time trend to the blank values, but the \ an- 
abilitj was found prohibitn elj large when attempts were made to use the 
same veast suspension for more than one apparatus Aeration of the 
suspension was suspected to be the cause, and an extended experiment 
show ed a marked effect so produced, greatly mcreasing blanks and decreas- 
ing fermenting pow'er Accordingly, modifications were successively intro- 
duced to eliminate oxygen from the stock yeast suspension, from the other 
reagents, and preferablj' from the sample material also \ combination 
of washing and blanketing with mtrogen has been found most satisfactorj , 
although fair results were obtained with stock yeast suspensions kept be- 
tween layers of mercury and albolene In the techmque employed at pres- 
ent, Holden’s method is modified as indicated below, when no differences 
are indicated, the two techniques are the same or are the usual procedures 
desenbed by Peters and Van Slvke (2) 

Reagents and Apparatus — 

Suspension of bakers’ yeast In a 500 ml PjTex flask provided with a 

• Presented before the Eastern New York Branch of the Society of American 

Bacteriologists at Troy, April 17, 1942 , , t, j j 

• It IS preferable to obtain fresh material directly from a Standard Brands distn 

bution center 
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glass stopper are placed 240 ml of distilled w ater Most of the dissoh ed 
air IS remoi ed bj ivashing with nitrogen 12 i cast cakes (about 13 gm 
each) are broken up and added, nitrogen again being used to uash out 
most of the air The stoppered flask is then shaken Mgoroush for 2 
minutes About 50 ml of clean mercury are then introduced and a 2-hole 
rubber stopper is inserted vrhich has a glass tube for deliverj of nitrogen 
at a lei el just abo\ e the mercurj surface, the other hole being furnished 
mth a glass tube of 12 mm bore and 35 mm length Through this 
short tube is inserted a 3 ml transfer pipette proiided mth a skirt made 
from half of a rubber bulb to act as a dust shield oi er the hole and so 
adjusted that, when the pipette is m position, the tip reaches to a point 
shghtly abo\e the mercurj surface Nitrogen is bubbled contmuouslj 
through the suspension, nhich is Mgoroiislj mixed mth a rotary swinging 
motion just before any portion is removed for use The transfer pipette 
IS returned to position promptlj 

Citnc acid reagent Holden’s reagent, 42 gm of citnc acid and 20 gm 
of NaCl per hter, is kept in a bottle or flask hkemse furmshed mth a 
rubber stopper pronded mth a mtrogen deh\ erj tube and a glass-hned 
hole for a 2 ml pipette A stock solution of 5-fold strength is kept for 
dilution and nitrogen equilibration as required 
Pipette fillers It is com ement to ha\ e attached to each pipette a safety 
filler, descnbed elsewhere (3), particularlj’- if different workers use the same 
pipette Fillers are useful also with the 5 ml stop-cock pipettes for the 
sample 

Anhfoam reagent 1 lolume of diphenjl ether is mixed mth 5 lolumes 
of dioxane 3 drops are used for each fermentation (instead of 1 drop 
of Holden’s equal portion mixture) 

Sodium hydroxide, 5 s This maj be kept comemently in a mercurj - 
sealed dropping bottle of 100 ml capacitj, as descnbed bj Holmes (4), 
or otherwTse protected from CO 2 absorption 
Methyl orange 0 1 per cent concentration m approximatelj 50 per cent 
alcohol 

Saturated citnc acid About 133 gm of hjdrated acid dissoUcd in 
100 ml of water 

Oxygen-free xcatcr The stock distilled water in the resen oir used with 
the apparatus is washed with mtrogen,* its use is imphed in all operations 
with the Yan Slj'ke-Neill chamber 

* It IS coni ement to ha\ e a mercury manometer with a, closed end (with flow of the 
mercurv restricted bj a choke in the tube) connected mth the c%acuation mtropen 
access system, and the latter with n chamber and a combined blow off safcti dcncc 
andinercuiymanometerabout20to25cm longwith an open end Leads to thes m 
yeast suspension, citnC acid reagent, etc , mai come from this chamber Als 
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Procedure 

Prchnnmry Trca{mcnt~E\ccss\v(i foaming during fermentation m the 
Van Slj ke-Neill chamber maj prevent satisfactory setting of the meniscus 
for the first pressure reading (pi) For blood, Holden recommended con- 
scntional 1 10 filtrates prepared according either to Somogyi (5) or Fohn 
and Wu (6) We hn\c found 10-fold dilution of broths sufficient ivithout 
prelirainarj defecation Recently we ha\e developed a technique of quan- 
titatnc ultrafiltration (7), for lemoial of substances likel}' to cause such 
foaming, w hich permits the use of much more concentrated raatenal The 
fermentable sugar concentration should be made cquisalent to a glucose 
concentration between 0 01 and 0 3 gm jier liter, preferably about 0 2, 
in the preparation Tlic addition of indicator and acid for adjustment is 
best made m the course of dilution m preparation for the ne\t operation 

Removal of CO 2 and 0. from Sample — ^The sample is so adjusted as to 
contain 3 or 4 drops of methyl orange pei 50 ml and enough saturated 
citnc acid to jacld a permanent pink coloi 25 to 50 ml of the prepara- 
tion are placed in a 125 ml Erlenmejer flask pronded with a rubber 
stopper through which is inserted a capillarj' glass tube bent in a nght 
angle This is connected with a short piece of glass tubing by means of 
sufficient rubber tubing to permit easy apphcation of a pmch-cock The 
glass tip serves in turn when required to connect with one of several hght 
rubber tubes leading from a branching system the trunk of which is con- 
trolled by a 3-w'ay stop-cock Thus one to three flasks may be connected 
to the system and w'hirled simultaneously (as in Holden’s techmque for 
air equilibration), but the stop cock is turned at the beginmng of each half 
mmute to a i acuum hne connected to one lead and then to a mtrogen hne 
for at least half the time, the mtrogen being under slightly moie than 
atmospheric pressure (about 100 mm of Hg) Whirhng is continued for 
4 minutes, ending with mtrogen at about atmospheric pressure in the 
flasks, which aie then clamped shut near the elbow and disconnected 
beyond the glass tip The flasks are convemently held tilted m a spring 
test-tube clamp for samphng 

Sampling — L conventional (2), rubber-tipped, 5 ml stop-cock pipette 

lead Ma a mercurj trap may be made to the distilled water outflow line above each 
Van Slyke Neill chamber to wash the water supply in reverse (or otherwise) with 
nitrogen The mercury trap prei ents backflow of w ater w hen the nitrogen is shut off 
A nitrogen line may be taken from a branch in this lead before the mcrcurv trap and 
ending in a glass delivery tube w htch fits into the cup of the Van Slj ke \eill chamber 
with a rubber tip as on the pipettes The glass deliverj tube should extend well 
above the cup and be weighted by mounting upon the tube a large rubber bulb hanng 
holes at each end of the mam axis, with lead shot loaded between the bulb and the 
axial tube 
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(preferably mth filler attached) is washed -vsith nitiogen and inserted into 
the flask, and a sample is removed ivithout delay or unnecessarj' agitation 
Remnants m the dehverj'- tip of the pipette from recent sampling need not 
be removed, but the pipette top is connected alternately to the vacuum 
and nitrogen hnes twice to wash out most of the oxj'gen After remoi al 
of the sample, the flask is promptly stoppered and tieated liken ise, but 
IS finallj' nhirled shghtlv undei an atmospheie of nitrogen as before ‘ The 
preparation of the pipettes, sampling, and leequihbiation of remnants in 
the flask may be carried out conieniently dunng oi pnor to intenal T' 
mentioned below 

Alternative Equilibration of Sample imth Air — The technique for elimina- 
tion of COj from the sample bj' whirhng m air, as described by Holden, 
may be used, but blank values tend to be somewhat less stable and about 
2 micromoles of CO. greater (equivalent to about 15 mm on the manome- 
ter) than with mtrogen equihbration as just desenbed Howeier, the 
mr equihbration was used in some expenments reported below, as will be 
noted It IS important under these conditions to fill pipettes carcfullj to 
avoid loss of dissohed air 

Preparation of Manomeinc Apparatus — The extraction chamber of the 
Van Slyke-Neill apparatus is w ashed wnth air-free water containing a few 
drops of saturated citnc acid, usually W'lth some shaking, and then with 
the water alone Finally, as much excess watei is lemoved from the 
charabei and cup as is practicable by evacuation and a slow return of 
mercury to the top, sweeping out the w ater, which is removed by means 
of the vacuum line through a glass tube The tip should be drawn out 
like a pipette and so beveled that it will tend to diaw somewhat from the 
cup, rather than become strongly attached to the capillary tube at the 
base Just before introduction of yeast, the cup is flushed with a puff 
of mtrogen from a dehvery tube, used also in a later operation Vacuum, 
mtrogen, and water dehvery tubes are arranged to hang convemently near 
the cup but so as not to foul each other or the apjiaratus when it is being 
shaken ’ 

Removal of Preformed CO- from Yeast — 3 ml of yeast suspension and 
2 ml of citnc acid reagent aie run into the prepaied extraction chamber 
through the cup and followed by 3 drops of the antifoam reagent, without 
admission of air The last of the antifoam reagent is covered wnth nitrogen 
washed stock water, a mercury”^ seal is made, and the cup is thoroughly 

’ As IS recommended in general, the flexible rubber joint below the Van Slj 
chamber should be made as ncarlj leak proof as practicable, prefcrablj mounted wo 
the bore covered with a film of stop cock grease, and with hose clamps above mi 
below Any air entering the chamber seems to increase respiration of the ic , 
which contnbutes to the COj output 



■« R THOMPSON 


329 


washed wnth water m the customarj' manner (2) The chamber is evacu- 
ated and shaken (about 300 complete oscillations per minute) for a period 
(T') A pair of mtcr\'al timers is started from settings made so that one 
wnll nng at the end of T' and another at the end olT T Unless other- 
wnse stated, T' - 2 minutes, and T = 10 minutes The meicur\ leveling 
bulb should be left m the upper nng support roadj' for the following 
operations 

At the end of T', shaking is stopped, the chamber set upnght, and about 
0 5 to 1 ml of mcrcurj placed in the cup Anv^ an oi water so entrapped 
IS removed The nitrogen dcliverj' tube is inserted in the manner cus- 
toraarj for rubber-tipped pipettes, the line clamp is released, and a few 
bubbles of nitrogen arc allowed to escape The dehverj' tube should be 
weighted enough to remain in place ’ 

The extracted COj is then ejected in the manner desenbed by Van 
Sljke (8) for a manometne urease urea method and as used by Holden 
except that, instead of the CO 2 being washed out wnth air, mtrogen is used 
and air excluded Thus the lower cock is opened, and, as the mercury 
rises and fills about one-fourth of the chamber, the upper cock is opened 
wide, admitting nitrogen to exceed atmosphenc pressure slightly Then 
the upfiow of mcrcurj is restneted, the nitrogen line is clamped off, the 
dehverj’ tip is removed, and upward flow is allowed to continue somewhat 
more rapidlj It is convenient to prevent spattenng of mercury from the 
cup meanwhile bj*^ placing the nght palm so as nearly to covei the top of 
the cup The outward flow of gas is thus more umform also, the lower 
cock being controlled meanwhile by the left hand When all but 1 01 
2 ml of the gas has been expelled, flow is restricted somew’hat, and the 
leveling bulb is held in the left hand while the remainder is ejected com- 
pletely without loss of more than a drop 01 two of j^east mixture, or at 
most just a minute gas bubble is entiapped At that moment the level- 
ing bulb IS lowered and the flow levei’scd until a little of the mercury fiom 
the cup enters the uppei stop-cock The lowei cock is closed, the upper 
cock left wide open, and the bulb placed in the lower nng Meicun mav 
be added to the cup if requiied for the follow mg operations 

The mercurj surface and the exposed uppei part of the cup are w ashe 
thoroughlj'^ with watei, with the vacuum tube tip graduallj lowered to 
just above the mercury The excess watei and a little mcicury are drawn 
off to make the apparatus readj foi admission of the sample 

Smulianeoiis Fermentation and COt Extraction — V ith the prepared stop- 
cock pipette, 5 ml of sample aie introduced in the usual way,‘ and the 

• The rubber tip sliould make a good fit, and the flow seems best controlled b\ the 
pipette stop cock, with the upper (chamber) and lower (leveling sjstem) c<m ® 
open till the sample is discharged from the pipette Then the pipette an e c 
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chamber stop-cock sealed wth mercurj' ((2) p 240, Fig 30) The chamber 
IS evacuated and shaken as before until the end of the second penod (T), 
tc ,T' + T from the beginning of the first shaking inten al 
Reading of pi — ^The gas volume is brought to the calibrated value (2 ml ) 
wth care to avoid unnecessary agitation of the memscus (cf (2) p 277), 
and Pi is read ' The temperature of the water jacket (0) is read imme- 
diately 

Ahsorplion of CO- and Reading of p- — ^Then 0 5 or 1 0 ml of 5 n NaOH 
IS admitted into the chamber, the stop-cock sealed wnth mercury, the COj 
absorbed, and pz read, all as descnbed by Van Slyke and Folch (9) The 
smaller amount (0 5 ml ) of the alkali solution is used unless the sampled 
material contains considerable buffer ° 

Blanh Analysis — ^The blank sample contains pei htei 5 gm of Na''S0<, 
CO drops of methyl orange, and 60 diops of saturated citnc acid It is 
equilibrated with nitrogen or air, just as is the corresponding sample mate- 
rial The analysis is perfonned in the same manner The resulting 
Pi — Pi — c, which may be employed in the usual way (2) if small relatnc 
to ^ allies for the corresponding analyzed samples, but as a rule it is prefer- 
able to take Pco, = Pi — Pi — Co m each case (expressed in mm ),‘ and 
calculate CO: yields as indicated below 
Calculation of COi Formed — From Table I is obtained the factor (10* F) 
for any tempeiatuic 0, fnm vhich the CO- fonned (Q') is calculated, 
Q' = (10^ F) Pco, in miciomole« lot C' be the value so calculated for 


her stop cocks are closed, and the pipette is removed The sample is run complclclj 
into the chamber, followed by a little mercury to seal the cock By this procedure 
the pipette is guarded against contact with yeast 

^ As pointed out by Holden, a strong light is needed for reading the meniscus on 
nccoiint of the dense yeast suspension Preferably it should consist of a narrow 
beam directed from the side and slightly from behind and below the calibrated mark 
A Burton rresnd medical light, desk model (No 1200, Burton Manufacturing Com 
pmy , Chicago), remounted ns convenient on a rod, with a small aperture, is an cx 
ccllcnt source A flash light may also be used 

' For convenience co is used to denote the second component of the c correction as 
described by Peters and Van Sly ke ((2) p 279) , on ing to admission of 0 5 or 1 0 m o 
alkali solution under lil c circumstances but with the gas pressure unaffcctc 
may be estimated by hav ing both the stop tock at the manometer top and that a c 
chamber top left open to atmospheric pressure during readings with a ® ^ 
otherwise of the operation of adding alkali between readings, pi and pt 
pt — pi For the apparatus we have used, co = 1 0 mm per ml ^ 

Occasional check readings of p, may be made after further mixing J 

further addition of 5 n NaOH and niiproprintc correction for the altered ct) o gu 
against gross errors by failure to absorb the CO, completely , 

’ These factors (10’ F) were obtained from those given bv Holden origi 
culnted from the formula of Van Slvke and Sendroy (10) 
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a corresponding blank analysis * Then Q = Q’ — C is the estimated 
COj in micromoles foimcd bv tlu fermentation of the sample matenal 
Eshmahon of Glucose Eqnnaknt — A standard glucose solution (S) is 
made to contain a known glucose concentiation denoted by Gs (gm per 
liter) and a)ipro\imatclj the same concentiation of methyl oiange and 
saturated citnc acid ns in the blank solution It is equihbrated and 
treated in the same manner as the blank and the sample material Let 
S' denote the micromoles of CO. foimed (lO’ F Pco,) and S = S' — C' 
Then the estimated glucose cqun alent in the sample analyzed is denoted by 


U) 


G 


Q (?■' 
S 


(m gm glucoso per liter) 


Usualb Ga IS taken as 0 2 and Equation 1 holds to a fair approximation 
for \alues of G between 0 01 and 0 3, the 5 ml of sample preparation con- 
taining from 0 05 to 15 mg of glucose Tins is illustiated b}' lesults 
obtained with glucose prcpaiations in tanous concentrations, given m 

Table I 

Factors (/O’ F) /or Conversion of PcOt to Mtcromotes of COi Formed foi Forioii^ 

Temperatures (B) 

These arc cssontiallj tlic fuclors used bj Holdeii times 1000, before introduotioii 
of nn} assumed yield of COt per mg of glucose 

30 21 22 23 24 25 h 

13S00 noso 1157 0 13-10 0 1316 0 H25 0 1114 0 11010 

Table II The icsults ut expiessed in teims of Q/S and, aLCouhngh, 
indicate the estimated amount of glucose in mg present in each feimenta- 
tion, as the 5 ml of standaid contained just 1 mg 
As suggested bt Holden, it is pi cfei able to lia\e between 0 25 and 1 5 mg 
of glucose in the test fei mentations, dilutions should be made accoidingb 
A means of avoiding excessive dilution of oiiginal matenal is offeied b\ 
the techmque of quantitatia e ultrafiltration mentioned prc\ lously, and in 
association with analyses of such matenal (7) there is indication that 
refinements gradually intioduced have improved the accuracy of estima- 
tion of amounts of glucose as small as 0 05 mg (r c , concentiations about 
0 01 gm per liter) 




^ 29 

1 

1 

1245 

0 12S6| 

'o 1277 


• Blank values (C') obtained with samples equilibrated with air aie illustrated in 
Table HI In recent work (7) with universal nitrogen equilibration, the following 
sets of blank values (C', in micromoles of CO ) were obtained on three different ma 
chines nearly simultaneously October 19, 1942 , 1 15 p m , 1 12, 1 07, 1 13, 3 1^5 p m , 
1 01, 1 01, 1 00, October 20, 1942 , 1 20 p m . 0 92, 0 93, 0 92, 3 30 p m , 0 9S, 1 03, 1 03, 
October 21, 1942, II 00 a m , 1 35, 1 31 , 1 24, 2 45 p ra , 1 04, 0 96, 0 99 
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Ajyphcations 

Eshmalion of Glucose in Presence of Maltose — Preluninary investigation 
indicated that solutions of certain maltose preparations gave httle COj 
of fermentation under the test conditions, and that this shght action could 
be ehminated by a preliminary tieatment of the maltose solution with 
washed yeast, in the manner used for many differential tests dcscnbed 
by Peters and Van Slyke ((2) pp 478-480) That not all the raaltc^: 
was so removed but that most of it remained to gi\ e an adequate test i\as 
demonstrated by hjdrolvsis of some of the supernatant after the first jcast 


TABl.t II 

Glucose Estimated in Fermentations by Proportion of Field of COt Relative to t iff 

Standard 


Glucose concentrations in the sample solutions would be given by multipliing 
these values (Q/S) by 0 2 = Gs in this case Nitrogen equilibration was used for 
all reagents, but the samples w ere equilibrated with air 


Eijwrimctit No 

Actual content 

0 too mg 

0^00 mg 

OiOO mg 


mi 

mg 

Wf 

1 

0 089 




0 078 




0 050 




0 058 



2 


0 157 

0 490 


0 053 

0 176 

0 m 


0 068 

0 168 

0 490 





3 

0 001 

0 182 

0 S2S 


0 101 

0 206 

0 610 


0 090 



Mean 

0 071 

0 175 

0 504 


treatment and subsequent test in the Van Slyke-Neill apparatus as aboic 
Stark and Somogju (11) hate made more delicately controlled studies o 
such removal of glucose from maltose preparations, basing estimations on 
reducing action Presumablj^ the CO 2 foimed under the present fermen a 
tion conditions fiom maltose preparations is from glucose contamina io|^ 
Moreover, as indicated below, some maltose prepaiations appear t us ^ 
have glucose equivalent to only 2 parts per thousand of maltose con cn 
That glucose fermentation proceeded to sensibly the same e\ten 
less of the presence of large amounts of maltose was demonstrate } 
expenment consisting of associated fermentation tests of solutions 
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mlhj ns follow s solution a = 1 mg of glucose per 5 ml , solution = 25 mg 
of maltose per 5 ml , nnd solution y = 1 mg of glucose + 25 mg of maltose 
per 5 ml 

In the technique used at the time these tests were made (July 10, 1941 
and Juli 11, 1941) nitrogen equilibration of all reagents was employed, 
but the sample solutions (a, /?, y, and blank C) were simply equihbrated 
^^th air in the manner used by Holden Two Van Slyke manometne 
machines were used simultaneously The data are given m Table III, 


Table III 

Glucose Delcrmtnalton tn Presence of Maltose 
Nitrogen equilibration was used for the yeast suspension but not for otter 
reagents, the samples were equilibrated with air, T’ - 1 5 minutes and T = 
minutes 


Approximate lime (for C ) 


micrimilet 


12 02 p m 
12 24 '■ 

2 13 " 

2 43 “ 

3 34 " 

4 03 “ 

11 34 a m 

12 01 p m 

12 48 " 

216 “ 

3 06 " 

4 03 " 


Y 


COf 


54 
41 
24 
60 
65 
68 
28 
49 

55 
41 

4 53 
4 39 


(o-C) 


'micfOnofes\ 

9 77 

9 58 
9 66 

9 67 

9 23 
9 48 
9 36 


S 

(P -C) 


mcromotts 

0 67 

0 47 
0 55 

0 70 

0 51 
0 52 
0 61 


h - C) 


mtefomoUt 

10 14 

10 72 
10 14 

10 52 

9 91 
10 35 
10 43 


Glucose found I 




Recovery 

B solution 

7 solution 


X 

** 

o 

a 




mi 

0 069 

1 038 

0 969 

0 049 

1 119 

1 070 

0 057 

1 050 

0 993 

0 072 

1 088 

1 016 

0 055 

1 074 

1 018 

0 055 

1 092 

1 037 

0 065 

1 114 

1 049 

0 0603 

1 0821 

1 0217 

0 0085 

0 0304 

0 0341 

0 0032 

0 0115 

0 0129 


in which the coiicsponding values of Q 6 obtam- 

tively by A etc The results indicate he fan stabiU^^ obtem 

able m blanks with tw o veast suspensions each used o\ er p 

• As a convenient aid to memorj |,yYemente^^ 

placed in brackets Thus X is an abridged notation for f ^ accord 

abridged notation forlX'l ■= Q'x.the total COi calculation of COi formed 

ingly, X = X' - C' as explained m the paragraph on calculation 
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ing 4 hours ® In fact, suspensions may be used until 7 hours old, but 
preferablj not during the 1st hour, correction should be made for the time 
trend in any case The relative. recovery is given by R = (y — fi)/a = mg 
recovered glucose also The set of seven independent tests gave a mean 
= 1 022 and the individual standard de\uation,*'’ = 0 034 
About a year pnor to this (Juli-- 3, 1940) a similar set of five independent 
tests was made on solutions of the same formula, but the reagents Mere 
not equilibrated ivith nitrogen and the yeast suspension was maintained 
simply between layers of mercur}’- and albolene The results gaie 
R = 0 979, and o-r ^ 0 022 The combined results (twelve tests) gave’" 
A ^ 1 004, 5 -r ^ 0 036, and 5n = 0 010 
Hydrolysis Technique — A simple technique was used to obtain total glu- 
cose after acid hjdrolysis 10 ml of sample, or less plus water to make 
10 ml , plus 1 ml of approvimatelj' 9 N H2SO4 are placed in a 50 ml volu- 
metnc flask with a glass stopper conv’erted into a valve by means of two 
rubber bands The flask and contents are kept maw ater bath at 98-100° 
for 3 hours unless anothei time is specified, and then cooled in air 3 drops 
of methyl oiange aie added, enough 2 n NaOH to make the solution 
alkahne, then enough saturated citnc acid to make the indicator a definite 
permanent pink (an excess of 1 01 2 drops after the first general pink colora- 
tion), and w'ater to make the final volume 60 ml Equilibration, with 
mtrogen preferably, or wnth air, and fermentation follow as usual in asso- 
ciation with appropnate controls and glucose standardizations 
Hydrolysis of Maltose — Sev en flasks, each contaimng 10 ml of a solu- 
tion of 1 gm per liter of a maltose preparation,” were treated as descnbed 
above, being held in the bath for 5, 1, 2, 3, 4, 5, and 6 hours, respectiveh 
Tw’o or more fermentation determinations were made on each Four were 
made on the matenal treated for 3 hours, and the mean CO2 yield b) 
fermentation of these w'as used as a divisor (D) to facihtate a companson 
of relative results Similarly, the zero treatment value was estimated bv 
fermentation of samples of the stock solution, the result being divided 
first by 5 to account lor the 5-fold strength and then by D The relative 
results foi the given time of tieatment (0, 1, 2, 3 hours) were 0 00k 

0 677, 0 877, 1 003, (1 000), 0 993, 1 010, and 1 000 Obvuously, the mal- 
tose may be regarded as completely h3’^drolyzed in 3 hours and the hv- 
drolyzcd matenal, glucose, as stable under such treatment 

“ Let I A. } be an> set of observations, of aggregate number N Then the mean is 
denoted bj A = TX/N, and the estimate for the_standard deviation for indivndual 
obsen ations is denoted bv vv, w hero 5 x’ ^ S(A'- A)V(A’'-1) , the estimated standard 

deviation of the mean is Sa ® va/ y/N j os 4 

" This appeared from other tests to contain about 0 35 per cent of glucose an 

per cent of maltose 
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Test of Ilijdrohjsts Treatment on Glncosc~Tho mflupnee of the heat treat- 
ment and of the rcigcnls added mtidcntalh upon latei fermentation tests 
Mas in\cstigatcd dirccth lij four independent experiments of the follomng 
design 

V stock solution (1) containing 1 gm of glucose pei htei was piepared 
Solution S M as a st ind iid solution made from 10 ml of A, plus 3 drops 
each of mctln 1 orange and satin itod citiic acid, plus Mater to make 50 ml 
Solution 7/ Mas obtained following the standard airectionsfoi h}drolj- 
Eis, with a 10 ml simple of 1 

Solution V was the same ns II except that it was kept as a simultaneous 
control at room temperatuie 


Table 1\ 

Itctalnc Glucose Conlenl in Solulians after Hydrolysis Treatment (H) and Similar 
Treatment Except Healing (U) and of Each in Comparison with Standard Solution 
(S), Each Containing Same Original imoiint of Glucose and Diluted to Same 

final Volume 

The jeast suspension was kept between mereurj and nlbolcne no nitrogen equi 
Iibrations were used, 7” == I 5 minutes ind T = S minutes The glucose content in 
the standard was 1 mg per S ml 


Ejpermienl No 

// 

u 

5 

V 

ii 

1 


0 993 


2 


0 995 


3 

0 97G 

1 001 


4 

0 99S 

0 991 

0 993 

Mean 

0 9S9 

0 995 

1 006 


In each experiment each of the three prepaiations was made in duplicate 
and two or more fermentations were made on each picparation Essen- 
tially as in the notation alreadj adopted,’ the mean estimates of CO* so 
formed from these solutions were designated jSi, S'", Hi, Hs, Ui, and b-, 
lespectively, in each expenment the respectne means foi each kind of 
solution were designated simply by the basic sj mbols S, H, and U, respec- 
tively, z e , 2S = <Si -f &, etc The relative results (H/S and U/S) for 
each expenment are gixen in Table IV Apparently neither the sodium 
sulfate thus introduced nor the heat treatment exerts anj sigmficant influ- 
ence upon the glucose content or on the reactmtx of the j^east 
Determinahon of Glucose and Maltose — These results furmshed a founda- 
tion for analyses of several lots of maltose axailable in our laboratones, 
a 3 hour treatment at 98-100° for hjdroli^sis being adopted as standard 
techmquc The results aie given in Table V Maltose lalues are ex- 
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pressed m terms of Ci-Hz-Ou HjO which is equivalent m mass to the glucose 
obtainable on hydrolysis 

Eshmahon of Fructose in Presence of Invlin — Preliminaiy evpenments 
had indicated that fructose could be estimated in the same manner as 
glucose, except that longer penods should be allowed for fermentation, 
by taking T = 20 minutes, with T' = 1 5 minutes as before Fur- 
'r experiments vere earned out to see whether the presence of iniilin 
' would affect the results These were similar to those made upon glucose 
in the presence of maltose Accordingly, three solutions were prepared 
nominally as follows solution a = 1 mg of fructose per 5 ml , solution /3 = 

Table V 

Estimates of Glucose and ilfaltosc in Various Preparations, yls Means of Nt and A'j 
Observations, Respectively 


The yeast suspension nas kept between layers of mercury and albolene, no nitro 
gen equilibrations w ere used, and T' = 1 5 minutes and T = S minutes 


Maker 

Grade 

Lot No 

1 

Glucose 

Maltose 

No of observations 




!ft 


A 

C P 

602 

percent 

0 85 

Per cent 

91 2 

3 

3 


H 

576 

0 35 

95 4 

6 

3 


Technical 

1,483 

5 4 

86 7 

2 

2 


C V 

562 

0 41 

96 8 

2 

4 

B 

(1 

33,188 

0 17 

95 8 

3 

6 


n 

32,739 

0 24 

96 6 

5 

9 

C 

Standard 

10,196 

1 77 

91 6 

4 

2 


Technical 

282,794* 

0 66 

96 1 

3 

4 


1 

282,794* 

0 75 

95 2 

6 

9 


ft 

282,794* 

0 74 

97 1 

3 

9 


* Three sets of observations on this lot were run each on a different day 


25 mg of inulm per 5 ml , and solution 7 = 1 mg of fructose + 25 mg 
of inulm per 5 ml 

The sample solutions, including the control, were equilibrated with air 
but all other reagents w ere equibbrated ivith mtrogen Ten independent 
sets of observations were made (C', a', P', y') as in the glucose recover} 
experiments’ in the presence of maltose, and the respective lalues of 
jl - a = (y' — P')/W — C) were calculated The mean 

ft ^ 1 063, vb S 0 032, cf« S 0 010 Fisher’s I test (12) indicates that R 
IS significantly different from the ideal value 1 , the conventionally ca cu- 
lated I S 6 144 and P < 0 001 

This small but significant tendency to greater COj yields from fermen a 
tion m mixtures of fructose and inulm in y than the sum of the separa c 
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J^clds m a and /3 was probably the result of a small amount of fructose m 
the original iniihn preparation coupled with a tendency to lower relative 
COj jiclds nith small amounts of fructose as observed in experiments with 
fructose in various concentrations without inuhn 
The solutions thus tested were as follows solution a = 1 mg , solution 
0 5« = 0 5 mg , solution 1 5a = 1 5 mg , and solution 2 Oa = 2 mg of 


fructose per 5 ml 

The ratios of CO 2 yields were denoted* by R or [0 5«]/a, [1 5a]/a, and 
[2al/a, lesiicctii'clj In a set of si\ independent experiments the mean 
[0 5a)/a was = 0 453, == 0 039, ?« = 0 016 which was probably sig- 

nificantly less than the ideal value (0 5) for proportional yields of CO 2 
fiom the sugar In anothei experiment the solution 0 5a was used in 
pairs of fermentation tests, and the mean yield of each pair was divided 
bj that of a companion fermentation of solution a For nine such lesults 
the mean ratio ^ = 0 457, vr = 0 026, and 5-g = 0 0088 This plan w^ 
adopted to obtain greater confidence in the apparent low CO 2 yie wo 
0 5 mg of fructose, and Fisher’s I test shows this to be statistically sig- 
ficant, t = 4 95, P < 0 01 (approximately 0 001) 

On the other hand lesults w'lth the stionger fioictose solutioM gave 
nearli ideal x allies as follows for six obsenations of [1 5a]/a, R - I 5UU, 
an = 0 081, vs = 0 033, and for six observations of 12a]/a, R /U14, 

VR = 0 073, and Jj, = 0 030 ^ ^ . 

This indicates that fair results can be obtained with fructose in amoun s 
between 1 and 2 mg in the 5 ml samples used for ferrnentation, especially 
if the mean of thicc 01 moie fermentations is used Howexer, e si u 
tion is not as fax orablc as in the case of glucose 

Influence of Other Sugars and CTucosides-Prelimmarj ;*"■ 

d.cated that undei the test conditions used foi glucose, CO 2 from 

certain other sugai s are not appreciable , for examp e, ’ 

lactose, and mehbiose Similar results were obtained with the 
sabcm and csculin Presumably glucose could be es ® 
ence of these substances as in the case of maltose, possi y 

could be estimated by h 5 "drol 3 ^sis ov+mot 

A rough estimate xvas made thus of lactose m a sample of exdraot 
broth (B) supposedly contaimng 5 gm of lactose per but suspect^ed 
of a deficiency m the sugar, with comparative results on e 
fore and after hydrolj'sis of a solution (A) contaimng gm g^pected 
liter, xvith dilution to appropriate concentration in viexv , j^ctose 

glucose formation, and with disiegaid foi this purpose 

^°™trms of micromoles of CO 2 formed fei mentation of J ml s^- 

ples, the results xveie as follows A gave directly -0 04 and 
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sibly none), while B ga\e onl}’^ 0 22 and 0 13, 2 ml of ^ hydrolyzed and 
diluted to 50 ml , as usual, gave 10 11, 9 59, and 9 57, while 4 ml of B 
hydrolyzed and diluted to 50 ml gave 7 75, 7 82, and 7 58 
Tliese results indicated that such estimation is practicable, and con- 
firmed the suspicion that the broth w as Ion in lactose content 
Tests upon raffinose indicated appreciable but slow fermentation, per- 
haps as a result of hydroljsis Sucrose gave marked fermentation as 
should be expected from hjdroljsis bv the invertase present d-Mannose 
gav e considerable yields of CO* m fermentation tests, about the same as 
did fructose, but not as rapidly as did glucose 
Frachon of Theoreltcal Yields Obtainable with Various Techniques— The 
theoretical yield from 3 east fermentation is taken to be 2 moles of COj per 
mole of hexose Let Y denote the ratio of the actual COj formed to the 
theoretical jneld for the amount of hexose m the sample 
With the special brewers’ yeast Holden obtained T = 0 863 and with 
the bakers’ j^east found F = 0 602, and indicated that longer times than 
3 and 5 minutes, respectively, for fermentation gave no sensible increases 
He found also that aging a mixture of citnc acid with a suspension of either 
j'cast under his conditions resulted in a rapid decline of fermentatno 
potency 

As noted above, we have used the timing scheme outlined m Holden’s 
addendum, which fixes T rather than the feimentation time preciselj 
Howev'er, it takes between 1 and 2 nunutes for operations between the end 
of the prehminary extinction of COj from the yeast in the Van Shke-Neill 
chambei (end of T') and the beginning of the second extraction (with 
simultaneous fermentation) Thus the fermentation time is about 1 5 
minutes less than T 

Under most conditions theie seems to be some practical uppei hnut to 1 
less than umtj' In standardizations with 1 mg of glucose, the last ten 
least suspensions used at this wnting gave mean CO'’ yields in moles per 
ha'f mole of glucose as follow s 1 = 0 828, 0 870, 0 897, 0 891 , 0 882, 0 775, 

0 796, 0 747, 0 793, and 0 719, lespcctively, for 2” = 2 and T = 10 minutes 
This demonstrates the need for standardization of each j cast suspension 
against the sugar to be determined Per mg of glucose, these juelds range 
from 8 0 to 10 0 micromoles of CO. 

It IS noteworthy, also, that all these yields exceed that 1 sported hi 
Holden for bakers’ yeast (T = 0 602) and compare favorablj with his 
V alue for the special brewers’ yeast (? — 0 863) As there is no change m 
the reaction mixture except a minoi alteration in the antifoam rcagen , 
which has little or no influence aside from facihtating the readings, an^ 
except for the nitrogen treatment of all reagents and sample solutions a. 
now adopted, it would seem that the exclusion of oxvgen thus promo c 
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fcmicntntion, possibh through stabihsation of the yeast and citnc acid- 
3 cast suspensions 

Accordingl3, cspenmcnts ^\crc made vith a combined yeast suspension 
and citnc acid reagent kept as is the regular 3'east suspension, washed and 
blanketed with nitrogen Apparcntl} some tendenc}’’ to decreased activity 
mn3 thus occur at first, but, after several hours, COj yields usually w'ere 
found to mount to ncarlj the theoretical value Thus a citnc acid-yeast 
mixture was made in a 1000 ml flask as follow's 

lo 52 S ml of 5-fold strength citnc acid reagent were added w'ater to 
make 504 ml , nitrogen to wash, then 12 yeast cakes (broken), and mtrogen 
to wash again The contents were shaken 2 minutes, 50 ml of mercur}' 
were added, and a nitrogen bubbler and samphng system was set up and 
maintained as in the case of the regular yeast suspension Washing wath 
nitrogen was continued at room temperature for 5 hours Then the flask 
was fitted with a glass stopper and placed in a refngerator (at about 5-8°) 
oiernight Tlie next mormng the combined suspension was wanned to 
witlun 1° of room temperature, a clean stopper provided wnth the nitrogen 
bubbler and sampling S3 stem w as set up as before and left 1 hour before use 

A 5 ml pipette w as used for transfers of such citnc acid-yeast suspensions 
for fermentation tests, 5 ml of the mixture being used instead of 3 ml of 
the regulni veast suspension and 2 ml of the citnc acid reagent The 
fermentation penod was increased by making T = 20 minutes, otherwise 
the technique was the same 

A set of fermentations and controls was run and C' estimated by mter- 
polation to account for an3' trend to the time when the standard S' value 
was obtained, S = S' — C' v,as found in micromoles of CO2 formed by 
fermentation and dnided by twice the micromolar content of glucose 
(2000/180 IG), giving estimates of F = 0 09008 S In computing S, cor- 
rection for the calibration’* of the Van Slyke-Neill chamber at the given 
mark was introduced This is the usual procedure unless only relative 
values are needed Three machines were used for the fermentations, but, 
to rule out indiv'idual diflterences in blank correction which sometimes 
appear in such tests. S' and C' were used as obtained from the same appa- 
ratus m computing each value of Y These were found to be as follows 
1 028, 0 980, 1 005, 0 965, 1 035, 0 947, 0 934, and 1 024, the mean 
F ^ 0 989, vr ^ 0 039, ap = 0 014 Obviously, the mean does not differ 
significant^ from the theoretical value, umt3' ” 

” Calibration of marks on Van Slyke Neill chambers as well as other volumetnc 
apparatus was made by use of an apparatus described previously (13) 

“ A similar set of observations vias obtained aith 7” = 3, and T — 20 minute^ and 
a combined citnc acid yeast suspension of essentially the same formula except that it 
was kept at room temperature onh about } to 1 hour the 1st daj , stored ox ernight in 
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This opens a possifaihty of attaining theoretical yields from glucose 
fermentation in the Van Slyke manometnc apparatus and indicates much 
greater stabihty of the fermentation system in an atmosphere of mtrogen 
than when in contact with air as m Holden’s techmque Defimte repro- 
ducible methods of preparing such combined citric acid-yeast suspensions 
ha\ e not been established, however The standard techmque as descnbed 
aboi e, that of nitrogen equihbration of all reagents and samples with the 
regular j east suspension, etc , and with T' = 2 and T = 10 minutes, was 
compared in a few tests with the same technique e\cept that T was made 
equal to 20 imnutcs The corresponding values of Yt were found for 
paii-s of fei mentation tests as follows Yu = 0 824 and 0 844, F-o = 0 979 
and 0 993 This indicates a good piospect of attaimng theoretical jnelds 
bj' a simple 10 minute increase in fermentation time and further indicates 
‘-tabilization of the yeast system bj’’ the use of nitiogen as described 

DISCUSSION 

The time economy, wnth T' = 2 and T = 10, and with three Van Sljke 
machines and two operators, is such that tests may be run at a rate of eight 
to ten per hour, one optratoi initiates each test and quits it after the sample 
has been introduced, the chambei e\ acuated, and the shaking started (for 
breiity called slarhng), and procteds to stait a test at once on tlie ne\t 
machine, in lotation, while the othei opeiator^nis/ies the to'st and prepares 
the apparatus for the nc\t In HmiJai maimei on(> opeiator with two 
machines may fii’st stait tests on each in tiiin and then finish each and 
prepaie for the ne\t tests, completing four or moie pci houi 

Yields of carbon dioxide from fermentation of the standard glucosc with 
a regular yeast suspension iisuall> do not exhibit anj great trend (seldom 
more than 2 oi 3 per cent) during a penod betw’cen 1 to 7 hours after 


the refrigerator, and afteniard maintained at room temperature on tlie mtrogen 
bubbler sjstem During the first fen hours, a set of eompanion blanks and standard 
glucose tests w ar made, on samples equilibrated w ith air, two manometnc machines 
being used simultaneously wath C and S' alternated on each The values of S ^ 
S' — C' for these pairs gave a set_of values of F = 0 993, 1 044 , 1 03G, 1 1 025, 

0 993, 1 073, and 0 979 m ith a mean F ^ 1 023, fr = 0 032 and 5T = 0 011 This is m 
substantial agreement wath the other experiment Honcaer, the suspcnsion wM 
maintained thus overnight and the next day three more pairs of observations (C , o ) 
were made, giwng values of 1 = 1 196, 1 269, and 1 151, markedly above the theoretical 
X alue It 18 suggested in view of these results and occasional apparent trends in sue i 
expenments to values of F aboie umtj , that the >ield of 2 moles of COi per ° ® 
glucose may be near an inflection point on a rising curve relative to potency of e 
fermenting system rather than to an asymptotic limit This would be similar to a 
familiar situation encountered in the case of the so called saturation current m an 
ionization chamber 
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prcpantion, but standardizations should be performed frequently for the 
best results, c g , with a set of solutions for test (a, /3, 7, 5, C) it is a good 
procedure to run blanks (C) on each machine at the beginning, then 
a, (S, 7, nnd S in order, and repeat the procedure twice (each time prefer- 
abb with a different machine) and then run blanks again at the end on all 
machines It is veil to run blanks ciery 2 or 3 hours also, or even more 
frequently if fermentation values obtained are lelativelj'^ near that of the 
blank or else obtain more concentiatcd prepaiations (7) One blank on 
each machine is usuallj enough when there is approMmate simultaneous 
agreement 

Glucose recovery experiments ha\c been run wath broths and infusions 
of \anous sorts, with results essentially the same as in the case of the 
glucose-maltose solutions However, it is best to make some such tests 
m connection wath annl> ses of media 01 sugar mixtures undei new condi- 
tions The only consistcntlj high jnelds in such addition experiments 
were those wath fructose added to inuhn, and apparentlj, as stated above, 
this was due to a sj^stematic tendenej' to underestimation of small amounts 
of fructose such as appeared to be present m the inuhn preparation Pre- 
viously, some attempts were made to demonstrate a stimulating effect 
of inuhn without success 

Among other addition tests of this kind a glucose recovery experiment 
was made with a veal infusion broth (14) before addition of the glucose 
(d) and after careful addition of the equn alent of 0 2 gm of glucose per 
liter (7) m companson with a solution (a) of 0 2 gm of glucose per hter 
Each was diluted 10-fold in preparation as usual for fermentation tests 
With R — {y — /3)/a, as in the other recox'erj expenments, three sets of 
values gave a mean, R^l 025, with 5® = 0 033, and = 0 019 

The technique has been apphed to studies of sugar utilization in bactenal 
growth with analyses made on Berkefeld filtrates In preparation of 
serum-water media with added carbohydrate for differential tests on bac- 
teria, it has been found useful to deteimine the original sugar content of 
sera in this way, and certain infusions low m original sugar content have 
thus been made available for similar differential tests 

The methods may leadily be modified in obvious waj's to furnish a means 
of studying the properties of yeasts under various conditions as in the 
study of the influence of air undei the present experimental conditions 
pnor to or dunng the fermentation 

SUMMARY 

Less fluctuation and lower blank values are obtained by modifications 
of Holden’s method The yeast suspensions and reagents are mamtamed 
m an atmosphere of nitrogen, with which samples are also equihbrated 
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prefcrablj It is convenient to use a 2 minute period for the preliminan 
extraction in the Van Slj'ke-Neill chamber, immediatelj'^ followed b\ n 
10 minute mten'al in which first the preformed CO: is washed out with 
nitrogen rather than with air, the sample is introduced promptlj, and 
simultaneous fermentation and CO. extraction occur Thus one or two 
operators may run two or three machines at a rate of four or more anahses 
per man hour 

Applications have been made to the deteimination of glucose directly 
in the presence of relatively large amounts of maltose and in vanous media, 
and similarly to the determination of fiuctose in the presence of inulin 
Maltose and other sugars haxe been detemuned after hydrolysis by a 
simple technique 

Preliminary experiments w ith longer intervals for fermentation indicate 
that sensibly theoretical ynelds of 2 moles of CO: per mole of glucose arc 
attainable with nitrogen-protected systems 

The author washes to acknowledge the helpful advice of Dr Donald D 
Van Sly ke dunng the course of this work 
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A SIMPLE DEVICE FOR QUANTITATm5 ULTRAFILTRATION 
IN CHEi^IICAL ANALYSIS* 

B\ \MIAIAM R THOMPSON and JAAIES J QUIGLEY 

(From the Dn ision of iMboTOloncs and Research, A^cto York State Department 
of Health, Albany) 

(Rcccncd for pubhcntion, July 29, 1943) 

In another comraumcation (1) a modification of Holden’s method (2) 
for determination of sugar b)' direct h\e yeast fermentation m the Van 
Sljke-Neill chamber has been piescnted By exclusion of an, more stable 
blanks Mere obtained and greatei jnelds of carbon dioxide attained Ap- 
plications Mere made to various situations, such as glucose estimation m 
culture media or Bcrkefeld filtrates However, if the glucose concentra- 
tion m material for analj sis is already' low {foi mstance, 0 1 gm per liter), 
the usual 10-fold dilution directly or m the course of defecation procedures 
may result in a final sugai concentration too low' to permit satisfactory' 
estunation Otherw ise excessive foammg m the extraction chamber may 
mterfere with the adjustment of the gas volume prior to a pressure readmg 
on the manometer As an aid m this situation the followmg system for 
quantitative ultrafiltration was developed 

An ultrafilter consistmg of a nitrocellulose membrane formed on the mside 
of a coarse alundum crucible' is used m a funnel as m an ordmaiy vacuum 
filtration The funnel leads directly to a cahbrated tube through a rubber 
stopper provided also with a delivery tube for attachment to a vacuum 
Ime If eiaporation of the filtrate is to be promoted dunng the filtration, 
a capillary tube inlet, controlled by a stop-cock or a rubber tube with a 
Hoffman clamp, may be adjusted so as to play a fine jet of air on the sur- 
face, and the collecting tube may be immersed m a suitable bath if tem- 
perature elevation is permissible, however, these operations are not usually 
required m the present application of the procedure 

The filter is w ashed with one or more portions of water and the washmgs 
are rejected Several 5 ml portions of sample material (usually three) 
are measured m succession into the same crucible filter, but each only after 
the contents of the crucible have been diminished to about 1 ml Then 

• Presented before the Listern New York Branch of the Society of American Bac 
tcnologista at Troy , April 17, 1942 

'For the present purposes we have found satisfactory for use an extra coarec 
crucible, No 5205, 1| XI 1/16 inches, 35 ml capacity porosity R A 766, made by the 
Norton Company, Worcester, Alassachusetts The crucible is supported by a rubber 
nng (Sargent crucible holder, size No 3, Eimer and Amend No S 275) m an ordinary 
funnel 
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t'wo 5 ml portions of nater are likewise mtroduced in succession After 
the 1 olume of fluid m the crucible has been reduced to about 1 ml , the 
filtrate is adjusted with the aid of methyl orange and citnc acid (1) and 
brought to \ olume (usually 25 ml ) bj evaporation^ if necessarj or bj ad 
dition of uater as required 
The membranes’ are prepared as follows 

Ahtrocdhdosc Sol — Weighed amounts of mtrocellulose (parlodion) and 
glacial acetic acid (c p ) are shaken mtermittently until well dispersed in a 
bottle stoppered with a cork covered on the mside with cellophane This 
maj' requu-e from 2 to 4 weeks The sol is heated to 90°, allowed to cool 
slowly to room temperature, and then stored m a refngerator About 1 
day prior to use, it is removed and allowed to warm to room temperature 
Membrane Formation — ^Alundum crucibles’ are thoroughly dned (having 
been igmted at 550-600° after anj prevuous use) They may be stored at 
room temperature m a desiccator Membranes may be prepared m sei eral 
crucibles simultaneouslj' About 25 ml of mtrocellulose sol are put mto 
each crucible, the crucibles are then placed m a ciystalhzmg dish m a 
vacuum desiccator which is subsequently evacuated to a pressure of 80 
mm of mercury and so mamtamed for about 1 hour Air is then admitted 
slowly to equihbrate with the atmosphenc pressure, the crucibles are re- 
mov ed, and their contents decanted, leavnng on each onlj a film of nitro- 
cellulose sol as a limng This is coagulated m 25 per cent alcohol to form a 
semipermeable membrane After 30 mmutes the crucibles are transferred 
to a bath of runnmg tap water for 24 hours, after which thej are read} for 
use, but raaj be stored m distilled water contammg a small amount of 
NaOCl (equivalent to 25 parts per million of Cl,) 

In three prelumnarj experiments, membranes of different porosities’ iierc 
used for media wath glucose added as in topical recovery evpenments 
The glucose recover}' was respective!} 98 2, 98 5, and 102 1 per cent of the 
theoretical value All filters used gav e satisfactor} filtrates, usuall} wnth 
three 5 ml portions of ongmal sample diluted with washmgs, etc , to a 
V olume (25 ml ) to }ueld a final concentration equiv alent to 0 6 the onginal , 

1 e , the filtrates did not mduce excessive foammg m the Van SI}ke-AeilI 
apparatus with the yeast mixture followung the technique described in the 
prevnous article (1) Considerable dilution {eg, 10 fold) is othennse 
often required to avoid such foammg 
An apphcation that illustrates the possible usefulness of the technique 

* After completion of filtration, c\aporation mav be carried out conicnicntli in 
vacuum desiccator , 

•Methods of preparing and testing graded filters from parloiiion an o ^ 

cellulose preparations hav e been developed bj one of us (J J Q ) “u ' 
bnefiy in the published "Standard methods" of this laboratorj (3) 
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was furnished in the case of several samples of meat infusion broths that 
were submitted to this laboratory with a request for glucose detennmation 
b}' liv e j east fermentation Except that all were made from various lots 
of beef heart infusion and contamed 1 per cent of a peptone preparation, 
little vas known about the formulae Five of these broths were handled 
simultaneously Fermentations nere nm first on 10-fold dilutions accord- 
mg to the regular technique ( 1 ), but inasmuch as several appeared to be 
too low m ongmal glucose concentration for estimation m this manner mth 
confidence (5 ml of the diluted sample apparently containmg about 0 05 
mg of glucose), recourse nas had to the ultrafiltration technique, mem- 
branes bemg used nhich nere premously prepared from a glacial acetic 
acid sol containmg 6 5 pei cent b}' weight of parlodion The filtrations 
were completed m less than 2 hours and required httle attention The 
concentrations of these preparations were m each case 0 6 that of the cor- 
respondmg broth (three 5 ml portions bemg filtered and the filtrate made 
up to 25 ml ) The results obtamed by fermentation are given as G' 
m Table I, together with those obtamed on the 10-fold dilutions [G) pre- 
V 10 USI 3 1 each as glucose equivalent m gm per hter of ongmal broth Anal- 
yses were made m tnphcate m each case as mdicated The means for G 
are m fair agreement, in view of the greater vanabihty of indindual results, 
with those for G' The three obsen ations in each set are mdependent, each 
bemg based on a different standardization value {S) of the yeast suspen- 
sion, and each run on a different manometnc apparatus, blank values ob- 
tamed with the same instrument* bemg used The first three samples of 
broth contained concentrations of glucose apparently in the range m which 
the ultrafiltration technique should serve to increase precision Standard 
deviations for G' are umformlj less than for G here The respective com- 
posite standaid deviations for the first three brotlis, ve = 0 0194 and 
5 - 0=0 00475 gm per liter, gv e a variance ratio =16 7 which hes between 
the 1 per cent and 0 1 per cent levels of significance according to the con- 
ventional test for analyses of vanance (4) for the degrees of freedom inv olved, 
ni = 6 and nz = 6 

Thus it appears possible to obtain about ten times the sensitmtj for- 
merly claimed ( 5 ) when 10 -fold dilution was eraploj^ed, about 0 1 gm per 
hter of ongnal material The low standard devnation (5o = 0 00475 gm 
per hter of broth) attained by use of the ultrafiltration techmque for the 
first three broths is probably m part due to minor unprovements desenbed 
elsewhere ( 1 ), as somewhat better precision also appears to hav^e been 
achieved in the use of 10-fold dilution directlj’^ (5j = 0 0194 gm per liter) 

* The three instruments n ere thus operated b> two obaerv ers according to the 
scheme of the pre-voous commumcation at a rate of about four or fi-ve observations 
per man per hour 



LETTERS TO THE EDITORS 


SYNIHRhl.S OF illYProPHANE FROM lYDOLF YJsD 
bERINK in XEUROoPOR\ 

Sits 

E\idence has been obtained demonstmting that senne is concerned m 
the sj nthesis of trj'ptophane by the ascomj cete Neurospora crassa, appar- 
entl}' through a direct reaction inth mdole It has been suggested that 
indole'" and anthranihc acid" are intermediates in the synthesis of trypto- 
phane bj certain bactena 

The disappearance of indole nas folloued colomnetncall}’’ m solutions 
containing mdole and \ anous other substances These solutions n ere mcu- 
bated with shaking in the presence of 3 da\ -old Neurospora m 3 ceha The 
addition of dl-scrme permitted a complete and rapid disappearance of 
mdole Equualent amounts of pymvic acid, gl 3 ceraldehyde, a- or j9- 
alanme, phosphogl} ceric acid, Con ester, and sucrose had no effect on the 
reaction Within a range of 10 to 50 mg of df-senne per 50 cc the rate of 
mdole disappearance was a. function of the concentration of serine 

Colorimetric determinations of tr 3 'ptophane m solutions aftei the disap- 
pearance of indole indicated that tr 3 'ptophane was formed This was 
proved by isolation After 48 houre incubation of 50 mg of mdole. 500 
mg of df-senne, and Neurospora mycelium (1 gm of dry weight), the 
solution contained approximately 40 mg of tr 3 'ptophane (45 per cent of 
theoretical) This was precipitated from the concentrated filtrate wnth 
HgS04, recovered from the precipitate, acetylated, and ci 3 '’stalhzed Ap- 
proximately 15 mg of crude acet 3 ’'l-df-tr 3 ''ptophane were obtamed After 
recrystalhzation, the product had the correct meltmg point (204-205°) 
and show ed no depression w hen mixed with an authentic sample 

^nolj/sjs— CuH.sNjO. Calculnted C 63 10, H 6 12, N 11 34 
Found “ 63 74, “ 6 94, “ 1173 

department of Biology ^ ^ Tatum 

Stanford Umveratly, Cahfomta d M Bosseb 
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STUDIES ON THE PHOSPHOROLYSIS OF SUCROSE 
Br MICHAEL DOUDOROFF 

{From the Department of Bactcnotogif, Umierstty of California, Bcrleley) 
(Rcccucd for publicition, August 23, 1943) 

The recent demonstration of a phosphorolytic breakdown of sucrose 
(1, 2) bj' tno quite different t^-pes of bacteria makes it seem possible that 
such a process may be of relativel}’’ mde-spread occurrence m nature 
The phosphorolj'tic reaction has, to date, been studied only with mtact 
cells (2) or with dried bacterial preparations (1) Little information about 
the phosphorolytic en^me can be obtamed from experiments on such 
systems because of other concurrent reactions which they catalyze Al- 
though drj’’ preparations of Pseudomonas saccharophtla do not cause further 
transformations to any extent of the glucose-l-phosphate and fructose 
ansmg from sucrose breakdown, they exhibit a fairly strong mvertase 
activity, w'hich makes quantitative studies of the phosphorolysis and 
sjTithesis of sucrose impossible 

In the present paper, a method of extractmg and treatmg such dry cell 
preparations is desenbed, which permits not only the concentration of the 
phosphorolytic enzyme but also the virtual elinimation of undesired 
hydrolytic side reactions With preparations obtamed bj’’ this method, 
a number of exploratory experiments deahng with the properties of phos- 
phorylase have been earned out 

EXPEHBIEOTAi 

For the present studies, the preparation of dry bacteria and the esti- 
mation of reduemg sugar, morgamc phosphate, glucose-l-phosphate, and 
sucrose were earned out as desenbed m the previous paper (1) 

To evaluate the phosphorylase and mvertase activities m variously 
treated bacterial preparations, it was found convement to establish an 
arbitrary unit for each enzyme 1 unit of phosphorylase was defined 
as the amount of enzyme catalyzmg the esterification of 10"® equivalent 
of morgamc phosphate m 20 mmutes at 30° when dissolved m a xi/30 
Sorensen phosphate buffer, pH 6 64, contammg 0 1 m sucrose The basis 
for the establishment of such a unit was the observation that, under the 
conditions desenbed, the rate of esterification is almost proportional to 
the amount of enzyme preparation used, provided the activity does not 
exceed 8 vmits per ml It is obvious that, for measurement of activity , 
and for experiments on lates of phosphorolysis, the preparations had to 
be so diluted as to give a reaction approximatmg the zero order for the 
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duration of the expeninent The relation of enzyme concentration to the 
formation of glucose-l-phosphate is shown on Fig 1 The preparation 
used for this experiment had been partially freed of mvertase by methods 
to be descnbed belon The phosphotylase activity of the dry cell prepara- 
tions of bacteria grown mth sucrose as substrate was found to vary from 
about 600 to 700 units per gm Bacteria giown ivith trehalose as sub 
strate contamed almost no detectable phosphorylase (less than 10 units 
per gm , dry weight) 



Fig 1 Rato of phosphorolj SIS with different enzyme concentrations Thocnzjme 
preparation i\ as freed of mvertase and diluted to 1 ml , with a final concentration of 
01 m sucrose and m/ 30 phosphate butler at pH 6 64 

1 umt of mvertase was arbitrarily defined as the amount of enzjune cat- 
alyzing the mversion of lO"® mole of sucrose imder the same conditions as 
those employed for the determmation of phosphorylase actmty The 
reduemg sugar ansmg from mversion was calculated from the obsenco 
mcrease m reduemg value corrected for the theoretical increase due to 
phosphorolysis 

Preparahon of Phosphorylase — The enzymes responsible for both phos 
phorolysis and hydrolysis of sucrose could readily be extracted froin c 
dry cells with phosphate buffer at pH 6 64 Subsequent treatment of t c 
extract with ammonium sulfate m the manner outlmed m the 
mg diagram gave nse to preparations which contamed from a third o 
half of the ongmal phosphor3dase activity, but very little mvertase an 
phosphatase The chief loss m phosphorylase activity appeared to occur 
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the earlj' stages of the fractionation, and reprecipitated material remained 
actn e for several days m 0 6 saturated (NH 4 ) 2 S 04 at 4“ The mvertase 
was apparently inactivated by prolonged contact with 0 6 saturated 
(NH 4 ):S 04 , smce it could not be recovered from the supernatant hqmd after 
precipitation of the active matenal Although the salting-out method 

Method Used for Freeing Phosphorglase Preparation of Invertase 
1 5 gm drj bactenn 
Initial phoaphorylnse, 1040 units 
Initial invertase, 1510 units 
(o) Extracted twice for 30 min with m/ 30 
phosphate buffer at pH 6 64, centrifuged 


Extract (25 ml ) 

690 units phosphorylase 
910 units invertase 

(5) Made up to 0 33 saturated (NH^) SO<, 
centnfuged after 1 hr at 4° 


Supernatant 


(c) Made up to 0 6 saturated (KH«)jS04, 

centnfuged after I hr at 4° 

1 

Ppt (rediBsolved in buffer) 

520 units phosphorylase 
215 units invertase 

(d) Steps (b) and (c) repeated 

320 units phosphorylase 
60 units invertase 

(e) Reprecipitated with 0 6 saturated (NH,)!- 

SO4, centrifuged after IS hrs at 4° 
Ppt (redissolved in buffer) 

260 units phosphorylase 
33 units invertase 

if) Step (e) repeated, but ppt redissolved 
after 24 hrs at 4° 

240 units phosphorylase 
6 units invertase 


made it possible to obtam very active preparations of phosphorylase, no 
studies were made of specific activity, nor was any attempt made at punfy- 
mg the enzyme because of the lack of facihties for obtainmg sufficient 
matenal Tor the experiments to be reported below, the general pro- 
cedure desenbed m the diagram was followed After two fractionations 
between 0 33 and 0 6 saturated anunonium sulfate, several precipitations 
at 0 6 saturation were made throughout a penod of 2 or 3 days durmg which 


1 

Cells (resuspended in buffer) 
260 units phosphorylase 
460 units invertase 
(Discarded) 

n 

Ppt 

80 units phosphorylase 
190 units invertase 
(Discarded) 


Supernatant (dialyzed 8 hrs 
against tap water) 

No phosphorylase or mvertase 
found 

(Discarded) 
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duration of the Kcperunent The relation of enzyme concentration to the 
formation of glucose-l-phosphate is shown on Fig 1 The preparation 
used for this experiment had been partially freed of invertase by methods 
to be descnbed belon The phosphorylase activity of the dry cell prepara 
tions of bacteria grown with sucrose as substrate was found to vaiy from 
about 600 to 700 units per gm Bacteria giown mth trehalose as sub 
strate contamed almost no detectable phosphorylase (less than 10 units 
per gm , dry weight) 



Fig 1 Rato of phosphorolj SIS with different enzj me concentrations ThceniMHO 
preparation was freed of invertase and diluted to 1 ml , with a final concentration of 
01 m sucrose and m/ 30 phosphate buffer at pH 6 64 

1 unit of mvertase was arbitrarily defined as the amount of enzjTiie cat- 
alyzmg the mversion of 10“® mole of sucrose imder the same conditions as 
those employed for the detemunation of phosphorj'lase actmt} Tte 
reducmg sugar ansmg from mtersion was calculated from the obsen 
mcrease m reducmg value corrected for the theoretical increase due o 
phosphorolysis 

Preparahon of Phosphorylase — ^The enz3Tnes responsible for both p o= 
phoroiysis and hydrolysis of sucrose could readil} be extracted from s 

dry cells with phosphate buffer at pH C 64 Subsequent treatment o 

extract -with ammonium sulfate m the manner outlmed m the ^ 

mg diagram gave rise to preparations which contamed from a t > 
half of the ongmal phosphorylase actmty, but vei^ httle mie ^ jjj 

phosphatase The chief loss mphosphoi:jlaseactivit3'appeare ooc 
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practically the same between pH 6 4 and 7 0, but to fall off rapidly below 
pH 6 0 With preparations kept below pH 5 6, the activity decreased with 
tune, indicatmg a gradual mactivation of the enzyme If this mactivation 
was not too great, the full actmty could be recovered by neutrahzation, 
but beloii pH 5 2 the enzyme was rapidly destroyed at 30° 

Phosphorolylic Ttcachon — ^The general conclusions which Mere draim from 
obsenations on the phosphoroljdic actmty of crude suspensions of dry 
bacteria (1) could be corroborated bj' similar experiments with phosphorjd- 
ase preparations relatively free of mvertase The results of one such ex- 
periment are presented m Table II The phosphorylase was allowed to act 
on approxunatelj 01m sucrose and m/30 phosphate m a phosphate-bicar- 
bonate-CO; buffer S 3 ’stem at pH 6 5 at 30° It will be noted that some 
residual mxertase activitj'- remamed m this preparation, as is mdicated by 


Table II 

Phosphorolysts of Sucrose 


rmi5 

ran X per 3 ml 

Glucose 1 phosphate 

(0 

1 Reduaog sugar formed 
(as bexose) 

(« 

i Suaosc decomposed 

1 (a) + <«;'°’ 

(e) 

intfl 




40 

57 6 

59 1 

58 3 

so 

89 4 

03 0 

91 2 

120 

99 9 

109 8 

104 8 

160 

100 8 

116 4 i 

108 6 

200 

100 8 

120 9 

110 8 


the production of reducmg sugar m excess of glucose-l-phosphate Anj' 
dephosphorylation of glucose-l-phosphate which had been formed would 
appear as mversion, smce glucose and fructose would arise in equimolar 
ratio wnthout apparent phosphate uptake Hence, the quantiti of sucrose 
decomposed maj’’ be computed from the amounts of gluco'e-l -phosphate 
and reducmg sugar formed, as shown m Table II Tlie quantiti of fructose 
present at any given tune w ould be equal to the amount of sucrose w hich 
had disappeared 

Table III show's the action of phosphor 3 dase on a mixture of glucose-l- 
phosphate and fructose With these substrates, it is unpossible to correct 
directly for side reactions mvolvmg glucose-l-phosphate oi to compute the 
exact amount of fructose utilized A small amount of hi di oh sis of the 
ester would alter considerably the apparent ratio of fructose to glucose-l- 
phosphate used m the sjmthesis of sucrose, smce not only a greater pi educ- 
tion of phosphate, but also a smaller disappearance of reducmg sugar, would 
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be observed This difficultj could be overcome by correcting the observed 
changes m phosphate and reducmg sugar values for changes found m a 
control experiment, in which the preparation was allowed to act on glucose 
1-phosphate m the absence of fructose Smce the phosphorj'lase prepara- 
tions show'ed very little action on glucose-l-phosphate, such corrections 
were relativelj small The discrepancy appearmg m Table III between 
the phosphate hberated and reducmg sugar utilized may be attnbuted not 
onty to experimental error, but also to slow hydrolysis by the residual in- 
vertase of the sucrose as it is formed 
A number of experiments w ere conducted to determme the equilibnum 
concentrations of the reactants under selected conditions Fairl} potent 
phosphorylase preparations were allowed to act on mixtures of sucrose and 

Table III 
Synthesis of Sucrose 

Enzjme preparation with approximatclv 0 8m glucose-1 phosphate, 0 125 m true 
tose, 0 1 m NaHCOj, in CO. atmosphere at 30° and pH 6 6 to 6 7 Phosphate and re 
ducing sugar values corrected for control values obtamedwith glucose 1 phosphate 
alone Sucrose determined with the aid of invertasc 


Time 

M eq X 10** per ml 

Total luorffatiic P hberated ! 
frem glucose 1 phosphate j 

Total reducing sugar 
utilized 

Total sucrose formed 

hrs 

1 



2 

1 2 

1 3 

1 3 

4 

1 5 

1 3 

1 G 

6 

1 G 

1 4 

1 7 


phosphate, wnth and without added fructose, and of glucose-1-phosplnte 
and fructose All expenments were performed at 30° and an effort was 
made to attam m different senes final pH values of 6 6 and 5 8, respectiv eh 
Reactions w ere allow ed to proceed until the change m morganic phosphate 
concentration over a penod of 1 hour had decreased to less than the value 
of the experimental error The total tune of mcubation was usualh 
tween 7 and 10 hours The pH, morganic and estenfied phosphate, reduc 
mg sugar, and sucrose were then determmed The fructose concentration 
was calculated, as explamed eailier, bj' subtractmg from the reducing 
sugar vmlues the glucose formed by mv^ersion and phosphatase ^ 
The procedures used m several selected expenments arc outlmed 
and the results are presented m Table IV Vdien morganic pi'°“P ® 
was added, Sorensen ICHoROi-NacHPOi buffers were used GIucosc-i- 
phosphate solutions were prepared bv adjustmg the potassium sa o 
63 to 6 5 with acetic acid Bicarbonate-CO. or citrate buffers were u 
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in addition to the phosphate system A tentative equilibnum constant 
for phospliorol 5 fsis under each set of experimental conditions was com- 
puted as 

(sucrose) (inorganic phosphate) 

(gluoose-l-phosphate) (fructose) 

In Experiments 1 and 2, phosphoiylase preparations were mcubated with 
approximately m/15 sucrose and with approximate^" 0 05 m and m/30 
phosphate respectn ely m 0 1 m sodium bicarbonate m an atmosphere of 
CO. at 30° 


Table IV 


Concentralion of Reactants at Equilibrium 


Expen 

meat 

i\o 

Iflitial constituents added 

Final 

pH 

Concentration at end aui X ICT* 
per ml 

K value 

Inor 

gamcP 

Sncrose 

Gin 

cose*l 

pbos 

phate 

Frac 

lose 

1 

Sucrose, phosphate 

6 6 

5 9 

17 9 

44 9 

45 7 


2 

<< n 

6 6 

6 5 

19 6 

46 0 

48 0 


3) CE 


6 6 

3 76 

37 2 

40 3 

63 1 

0 055 

4 

" “ fructose 

6 6 

3 8 

39 5 

22 4 

123 5 

0 054 

5 

Glucose 1 phosphate, fructose 

6 6 

18 6 

15 S 

66 4 

88 9 

0 050 

6 

ti it 

6 6 

Efim 

17 0 

62 4 

112 5 

0 049 

7,0 

It tt 

6 6 

18 9 

12 9 

65 1 

■rfeMiB 

0 050 

3,6 

Sucrose, phosphate 

5 8 

5 26 

38 2 

36 3 

56 4 

0 098 

7, b 

Glucose 1 phosphate, fructose 

5 8 


17 7 

61 3 

■rtilil 

0 084 

8j a 

Sucrose, phosphate 

5 8 

7 76 

9 7 

28 9 

29 7 

0 OSS 

8,6 


5 8 

3 12 

36 3 

34 0 

35 0 

0 095 


In Experiment 3, the mitial sucrose and phosphate were approximately 
01m and m/23 respectwely m 0 1 m bicarbonate-CO. buffer at 30° A frac- 
tion of the above mvdure (Experiment 3, a) was incubated under these 
conditions thioughout Another portion (Experiment 3, h) vas remoted 
after 3 hours, acidified with citric acid, and maintained thereafter at pH 
5 8m the absence of CO. 

Experiment 4 was similar to Experiment 1, except that the mitial phos- 
phate concentration nas approximately 0 025 xi, and 0 1 m fructose was 
added to the mix-ture at the start 

In Experiments 5 and 6, phosphoiylase preparations weie mcubated inth 
approximately m/12 glucose-1 -phosphate and with 0 1 xi and 0 125 M 
fructose respectively m 0 1 m bicarbonate m an atmosphere of CO, 

Experiment 7 was mitially like Experiment 5, except that m/11 fructose 

















35S 


PHOSPHOROL'iSIS OF SUCROSE 


was used A portion (Experiment 7, a) was incubated under the same 
conditions throughout Another portion (Experunent 7, b) was removed 
after 3 hours, acidified w ith citric acid, and mam tamed at pH 5 8 thereafter 

In Experiment S, phosphor 3 ’lase preparation was mcubated mth ap- 
proximateh 0 05 m sucrose, si/22 phosphate, and 01 m bicarbonate m an 
atmosphere of CO- After 4 hours, it was acidified with citnc acid to pH 
) 8 m the absence of CO- More suciose was added to one fraction (Ex- 
periment S, a) and an equnalent amount of water to another (Expenment 
8, 6) Both aliquots w ere mamtamed at pH 5 8 thereafter 

It wall be seen from Table IV that, at a gi\ en temperature and pH value, 
an apparent equilibrium constant may be denved for the phosphorolytic 
process At equilibrium, the quantity of the products of phosphoroljsis is 
great compared wath that of sjmthetic products Furthermore, the equi- 
librium constant changes wath pH m a manner similar to that observed w ith 
muscle phosphorj lase (5) The Imutations of the methods employed for 
the quantitatix e estimation of the xmnous components allow ed for onh a 
fair degree of accuracj m the determmation of the constants, and did not 
encourage a more thorough studv A greater refinement of techniques 
would be desirable for a thorough mxestigation of the kinetics of the 
reaction 

Spcctfiaitj — The enzimie appears to be quite specific for sucrose No 
phosphoioljsis could be detected wath raffinose, trehalose, maltose, gh 
cogen, 01 starch as substiates Furthermore, there was no eiidencc that 
other sugars or phosphate esters could replace fnictose m the reaction with 
glucose-1 -phosphate This obsen ation is of mtei est, smee it makes doubt- 
ful the possibilitx suggested earlier (1) that, m the noianal metabolism of 
sucrose bj the bacterium, the disacchande maj act first as a phosphate 
acceptor, bemg then phosphoioh zed to 2 molecules of hexose phosphate 
The relative amounts of inorganic phosphate split off from glucose 1-phos- 
phate as well as from mixtures of ghicose-l-jihosphate with fructObC-6 
phosphate, fructose diphosphate, glucose, and fnictose respectueh arc 
shown m Table V It will be noted that tlie production oi inorganic pho= 
phate from mixtuies of esters docs not exceed that attributable to their 


hjdroljtic decomposition 

InlaOihon of Phosphorylasr — The rate of phosphorolysis of sucro'ic was 
found to be pncticalh unaffected by the addition of 0 2 xi sodium fluondc 
(see Table M, Experiment 1) Fvnthermore, the presence of laffinosc, 
trehalose malto=c, mannose, oi galactose did not matcnalh influence the 
late (Exqienments 3 and 4) Glucose, on the other hand, was found to 
haxe “I strong inhibiton effect on the reaction (Experiment 5) That glu 
cose competes with sucrose for the enzxane appeals likeix from the fact 
that the mhibition can be gicath i educed bi increasmg the sucrose con 
centration (Expenment 6) As might be expected, glucose also interferes 



M DOCDOROFF 


359 


Table V 

Aclion of Phosphorylase on Various Substrates 


Substrates supplied in approximatelv 0 015 m final concentration, at pH 6 5 (ad- 
justed vrith acetic acid), to phosphor} lase preparation containing 01 m NaHCOj 
in an atmosphere of COj 


i 

Subslrate I ! 

i 

Substrate 2 

Inorganic P 
liberated nut X 10^ 
per 2 ml after 60 
jnin at 55 

Glucose 1 phosphate 

None 

0 3 

it ■ 

Glucose 

0 3 

tt 

Fructose 6 phosphate 

0 3 

(t 1 

Fructose diphosphate 

0 4 

i( I 

Fructose 

4 5 

Fructose 6 phosphate j 

None 

0 2 

Fructose diphosphate j 


0 3 


Table VI 


Inhibition of Phosphorolysis 


Experiment Uo 

Initial conceatratToa 


T esteri&ed 

Sucrose 

Phospbate 


mm 

I 

m/9 

u/30 

None 

nv X /a-* 

5 3 


m/9 

m/30 

m/6 NaP 

4 8 

2 


m/30 

None 

3 4 


m/9 

m/30 

m/ 150 phlorhizm 

3 5 

3 

si/12 

m/30 

None 

4 4 


m/12 

m/30 

m/ 12 raffinose 

3 9 

4 

m/6 

m/30 

None 

r 8 


m/6 

m/30 

m/ 4 trehalose 

7 8 


m/6 

m/30 

m/ 4 maltose 

7 8 


m/6 

m/30 

ji/4 mannose 

7 9 


m/6 

m/30 

m/ 4 galactose 

7 5 

5 

M/S 

m/32 

None 

6 2 


M/S 

m/32 

m/ 32 glucose 

3 2 


m/8 

m/32 

m/16 " 

2 2 


v/S 

m/32 

M/S 

1 1 


M/S 

m/32 

m/4 

O 7 

6 

M/S 

m/32 

\one 

5 2 


m/s 

m/32 

m/ 32 glucose 

2 3 


M/4 

m/32 

None 

5 1 


m/4 

m/32 

m/ 32 glucose 

4 5 


M/s 

m/16 

None 

5 4 


M/s 

m/I6 

ai/32 glucose 

2 6 


Mith the reaction m the other direction, between glucose-l-phosphate and 
fructose A deciease of this inhibition could be obtained by increasing the 
concentration of glucose-l-phosphate, but this decrease ttas less pro- 
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nounced than that effected by sucrose m the opposite reaction Glucose is 
known to interfere with the action of muscle phosphorylase by competition 
with glucose-l-phosphate (5) 

An unusual inhibitory action was observed with phlorhizin, m that the 
mitial rate of reaction appeared to be decreased m one direction only 
Thus, the addition of m/400 to m/150 phlorhizin to preparations actmg on 
sucrose and phosphate never decreased the rate of phosphorolysis (Table VI, 
Experiment 2) In some cases, m fact, a slight mcrease m rate, usually 
withm the experimental error, was observed With glucose-l-phosphate 
and fructose as substrates, on the other hand, phlorhizm m similar con- 
centrations caused a 10 to 25 per cent decrease m the mitial rate of dephos- 
phorylation The per cent inhibition decreased as the reaction was al- 
lowed to proceed further, so that at equihbnum the concentration of 
reactants was practically identical mth that found m the absence of 
phlorhizm No reaction between phlorhizm and morgamc phosphate 
could be detected, nor could the decreased rate of morgamc phosphate 
hberation be attributed to an inhibition of processes other than that 
catalyzed by the phosphorylase, smee no effect of phlorhizm could be oh 
served on phosphate hberation from glucose-l-phosphate m the absence of 
fructose A possible explanation for this anomalous mhibition might be 
that the synthetic product derived from glucose-l-phosphate and fructose 
IS not sucrose, but an isomer of this sugar, and that phlorhizm mterferes 
with its formation, but not with the breakdown of sucrose The obsena- 
tion that phlorhizm does not displace the equihbnum between the reactants 
would not be mcompatible with this explanation Although no further 
attempts have as yet been made to identify positively the synthetic sucrose, 
the data presented m the prenous paper (1) seem sufficiently convmcmg 
to make such an explanation improbable 

stoimart 

1 Extraction of dry cells of Pseudomonas saccharophzla with phosphate 
buffer and subsequent treatment of the extract with ammonium sulfate 
make it possible to obtain active preparations of sucrose phosphoiylase 
relatively free of mvertase and phosphatase 

2 No coenzjme appears to be necessary for the phosphorolytic process, 
nor does the synthesis of sucrose require the addition of catalytic amounts 
of this sugar to the system 

3 The equilibrium constant for phosphorolysis, exqiressed as 

^ (sucrose) (phosphate) 

(glucose-l-phospliate) (fructose) 

IB m the neighborhood of 0 05 at pH 6 6, and of 0 09 at pH 5 8 at 30° 
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4 The phosphorylase appears to be specific for sucrose Furthermore, 
no reaction is catalyzed between glucose-1 -phosphate and either fructose-6- 
phosphate or fructose diphosphate 

5 Unhke a number of other sugars, glucose is strongly inhibitory to the 
phosphorolytic process, apparently by competmg with sucrose for the 
enzjTne Phlorhizm was found to exert an unexplamed small imtial m- 
hibition of the reaction m one direction only 

The author nislies to express his smcere gratitude to Professor W Z 
Hassid and Professor H A Barker and to Dr Rita UTielton for then- 
valuable advice and assistance 
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THE SKELETON AS A SOXJRGE OF ENDOGENOUS CITRIC ACID* 
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Dunng recent years, e\tensive investigation of the metabolic significance 
of citnc acid has demonstrated that vanous dietary (Smith and Meyer (12)), 
hormonal (Shorr, Bemheim, and Taussky (11)), and acid-base (Ostberg 
(5), Kuyper and Mattill (4)) factors are mvolved m the regulation of this 
metabohsm and m the control of the level of unnaiy excretion of endogenous 
citnc acid Although it has been mdicated that the major part of excreted 
citnc acid is of endogenous origm (Schuck (9), Sherman, Mendel, and 
Smith (10)) and that the kidney may be mvolved in the production of 
citnc acid (Orten and Smith (6)), there is need for more conclusive endence 
beanng on the in mvo synthesis of this metabohte 

Erndence supportmg the vahdity of the concept of endogenous production 
of citnc acid has rested upon the results of balance experiments along mth 
the absence of sigmficant stores of citric acid m the orgamsm Thus, 
negative balances of considerable magmtude have been induced by the 
administration of alkah (Sherman, Mendel, and Smith (10), Schroeder 
and Smith (8)) and also through the adimnistration of expenmental rations 
rich in carbohydrate and in fat (Smith and Meyer (12)) The question of 
the possible existence of considerable reserve stores of citric acid, i\hich 
under certam conditions might be mobihzed and excreted m the urme, was 
raised by the recent discovery (Dickens (1)) that bone contams citric acid 
m concentrations many times that found m other body tissues and fluids 

In view of the discovery of higher than ordinary concentrations of citnc 
acid in bone, and because of the question thus raised regarding the evidence 
for the formation of citnc acid in the animal body, the present mvestiga- 
tion was undertaken to determine whether or not there exists a relationship 
between the urmary excretion of endogenous citnc acid and the citric acid 
content of bone 

EXPERIMENTAL 

Young mature male rats were given a protem-nch diet which is knowm to 
inhibit the endogenous production of citnc acid (Smith and Meyer (12)) 

* The data in this paper are taken from a dissertation submitted bj Robert N 
Class to the Graduate School of Wayne Univcr8it> m partial fulfilment of the require 
menta for the degree of Master of Science in 1943 

Aided by a grant from the Committee on Scientific Research, American Medical 
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The animals, all of which weighed between 230 and 275 gm , were paired on 
the basis of equal bodj'^ weight and citnc acid production during a pre- 
hminary penod One rat m each pair received only the basal ration, 
vhereas the other received the same amount of food but increased excre- 
tion of citric acid in the urme was stimulated This was accomplished m 
one senes by adding 250 mg of sodium bicarbonate (in 8 25 per cent solu- 
tion) to the 1 itamm adjuvants and m the second senes by similar addition 
of sodium malate in an amount to furnish the same quantity of sodium ns 
provided liy the bicarbonate (see Orten and Smith ( 6 )) The allowance of 
food w as so adjusted that complete consumption was secured Citnc acid 
balances were determmed over periods rangmg from 9 to 54 days and the 
content of citnc acid in the bones was determmed at the end of each ex- 
perimental penod m both rats of a given pair Thus the endogenous citnc 
acid production as shown by the balances could be correlated with changes 
in citnc acid content of the bone over the given penod 

In the bicarbonate senes, albino rats of the Sherman stram w’ere used, 
m the malate senes, rats of Strain 19058, Agouti X Copenhagen, Lme 9955, 
were used Both groups of rats were essentially the same m age and range 
of body w'eight The animals were kept m individual metabolism cages 
over large glass funnels which were washed down with distilled water dsily 
and the unne was collected m flasks containing 16 n sulfunc acid 

The basal diet was the following lactalbumm 60 0, dextnn 15 0, Cnsco 
17 6 , cod hver oil 5 0, and salt mixture (Hubbell, Mendel, and Wakeraan 
(3)) 2 4 per cent 

The lactalburhm (Borden’s Labco 15-42) was repeatedly extracted with 
distilled water for 10 days to remove a large part of the contamed citnc 
acid This ration was supplemented daily with 1 cc of a solution contain 
mg 80 mg of hver extract (Lilly, No 343) and 200 mg of ryzamin-B (Bur 
roughs Wellcome and Company) to provide the vitamin B complex The 
basal diet provided 113 2 mg of citnc acid per 100 gm and the vitamin 
adjuvants, 0 46 mg per cc 

At the end of each experimental penod, a pair of ammals was kuled 
with chloroform and the roughly dissected leg bones were put into 
water for 5 minutes, after which the soft tissue was easily removed Alter 
bemg dried at 96° for 1 week, the bones were weighed and allowed to is 
solve m 20 cc of 3 1 HCl for 1 to 2 days The acid solution was di utea 
to 500 cc with 0 5 N H 2 SO 4 , filtered, and 5 cc aliquots used for ana ys^ 
Satisfactory recovenes were secured when citnc acid was adde (a) 
the 3 1 HCl, (b) to the bone before solution in HCl, and (c) to the so u 1 
of bone in HCl Citnc acid was determmed m food, urme, and 
the method of Bucher, Sherman, and Vickery (7), the final “ 
b^mg made photometncaUy (Cenco photelometer) wath a color 
mg a maximum transmission at 4250 A 
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In relating the citnc acid content of the dried leg bones to that of the 
entire skeleton, a factor was computed from data on body weight, fresh 
skeleton weight, dned leg bone weight, and percentage of loss on drymg 
as given by Donaldson and Conrow (2) 

Results 

The lesults of the evperiments on twelve rats with bicarbonate are sum- 
marized in Table I The animals rcmamed m good nutntive condition 
throughout the e\-perimental period and gained weight slowly All of 
the control rats showed a positive balance for citric acid, the values rangmg 
from 6 49 to 9 47 mg per day The daily balance for the bicarbonate-fed 
animals averaged— 0 10 mg There is no vaiiation from this mean negative 
balance W'hich can be correlated with the duration of the experiment, this 
mdicates that the response of the ammals to the alkali did not change with 
age nor with total amount of bicarbonate admmistered, ivithm the limits 
of our expenmental conditions Two of the rats. Nos 9 and 10, showed 
positive balances but the data on the differences of the balances of these 
rats from that of their respective pair mates mdicate that endogenous 
citnc acid was bemg formed by these animals also 

The mdirect method of calculation used m estimatmg the citnc acid 
content of the entire skeleton, together with the unknown factor of pos- 
sible variation m mitial citric acid concentration m the skeleton, forces the 
conclusion that little significance can be attached to small differences m 
citnc acid content of the skeleton, only large differences m the total skeletal 
content of citrate accompamed by parallel changes m the concentration 
in the bone would mdicate that citnc acid was mobihzed from the bone 
and excreted m the unne of animals showmg a marked mcrease in citnc 
acid output m the unne 

A comparison of the mdividual balances of the paired rats of the bicar- 
bonate senes with the differences m citnc acid concentrations of the bone 
and the total amount in the skeleton mdicates that there is little if anv 
relation betw'een endogenous citnc acid and that in the bone m most cases 
Indeed, Rat 7 with a negative balance of 34 0 mg for the 27 day penod 
had only 3 mg less citnc acid in the skeleton than its pair-fed control 
Agam, Eat 12, showmg a negative balance of 36 0 mg for the 54 daj' 
penod, actually had a higher concentration m the bone and 14 5 mg more 
citnc acid in the skeleton than did its pair-fed control which showed a 
positive balance of 502 mg Still more stnkmg is the lack of correlation 
between the algebraic differences between citnc acid balances and the 
difference in concentration in the bone of the expenmental rat and its 
pair-fed control Thus, Rats 10 and 3 had a difference m balances of 
302 mg of citnc acid, but the former ammal, which received the bicar- 
bonate, had only 0 31 mg less citrate per gm of bone and onlj^ 16 8 mg 
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less Citrate in the entire skeleton than its pair-fed control The data indi 
cate that the excess excretion of citnc acid over intake under these expen 
mental conditions does not have its ongm in the citnc acid of the bone 
nor IS a positive balance reflected in increased storage in the skeleton 

Table I 

Endogenous Ctlnc Acid tn Rais Fed Sodium Btcarbonalc or Sodium Malale 


The expeninental animals received 250 mg of sodium bicarbonate or 264 8 mg 
of disodium malate daily 


Senes 

Rat 

No 

Days 

on 

diet 

Expen 
mental 
(E ) or 
control 
(C) 

Total 

food 

con 

sump* 

tion 

j Citnc acid 

Intake 

(0) 

Excre- 

tion 

16) 

Balance 

Concert 

tration 

in 

bone* 

AlSOUDt 

In total 
skeleton 

Total 

ia-b) 

Per day 

(a-6) 






mt 


mf 


rtf 


rtf 

mt 

per x»Ti 


Sodium bi- 

n 

9 

E 

53 

69 

8 

74 

9 

-5 

1 

-0 67 

6 75 

SO 3 

carbonate 

2 

9 

C 

58 

69 

8 

11 

4 

+58 

4 

+6 49 

0 82 

91 3 


8 

18 

E 

167 

186 


197 


-11 

0 

-0 61 

0 35 

71 1 


5 

18 

C 

157 

186 


22 

7 

+163 


+9 05 

6 79 

70 7 


7 

27 

E 

232 

275 


309 


-34 

0 

-1 26 

6 21 

02 1 


6 

27 

C 

232 

276 


62 

6 

+212 


+7 85 

6 67 

05 3 


9 

36 

E 

322 

381 


348 


+33 

0 

+0 92 

5 70 

69 1 


4 

36 

C 

322 

381 


40 

1 

+341 


+9 47 

5 05 

57 0 


10 

45 

E 

404 

458 


388 


+70 

0 

+1 66 

6 55 

69 0 


3 

45 

C 

404 

458 


85 

6 

+372 


+8 27 

6 86 

so 7 


12 

54 

E 

484 

573 


609 


-36 

0 

-0 67 

6 14 

82 0 


1 

54 

C 

484 

573 


70 

S 

+502 


+9 30 

6 03 

07 6 

Sodium 

210 

9 

E 

69 

70 

9 

144 


-73 

1 

-8 12 

6 99 

72 2 

malate 

23 

9 

C 

59 

70 

9 

11 

2 

+59 

7 

+6 63 

5 65 

09 0 


211 

IS 

E 

148 

176 


229 


-53 

0 

-2 94 

6 41 

85 3 


22 

18 

C 

148 

176 


17 

1 

+159 


+8 83 

6 03 

79 4 


212 

27 

E 

191 

229 


491 


-262 


-9 70 

5 85 

73 7 


21 

27 

C 

191 

229 


31 

8 

+197 


+7 29 

C 21 

74 1 


29 

36 

E 

254 

304 


762 


-45S 


-12 7 

5 72 

73 0 


24 

36 

C 

254 

304 


100 


+204 


+5 67 

5 95 

71 S 


27 

45 

E 

281 

339 


1282 


-943 


-21 0 

5 91 

72 S 


26 

45 

C 

281 

339 


174 


+165 


+3 67 

6 22 

09 7 


28 

54 

E 

331 

400 


1090 


-696 


-12 9 

5 91 

OS 8 


25 

54 

C 

331 

400 


76 

8 

+323 


+5 93 

6 21 

70 0 


* Analysis of composite sample of tibiae, fibulae, femora, humeri, radii, and ulnsc 


The data secured from the expenraental ammals receiv mg sodium ma a c 
and from their controls are also summanzed in Table I The citnc aci^ 
intake of this group of rats was less than that of the bicarbonate 
because the basal food consumption was smaller None of the anima 
gamed weight and some lost weight Despite this circumstance, 
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results of the malate senes demonstrate clearly that the mobilization of 
bone citrate is not a factor in the endogenous production of citric acid m 
the rat At the outset, the data confirm the observations of Orten and 
Smith (6) that sodium malate owes its stimulation of endogenous citnc 
acid production to something in addition to the sodium contained in the 
compound The average daily balance of all the animals to uhich sodium 
malate was given was — 11 2 mg , every rat in this senes showed a negative 
balance In spite of this fact, the differences between the e\penmental 
and control animals with respect to concentration of citric acid in bone 
and the total amount in the skeleton are less than in the bicarbonate senes 
For mstance, Rat 27 excreted 943 mg of citnc acid m excess of the dietary 
mtake during 45 days, whereas the quantity of citnc acid in the skeleton 
w as a little greater than that of the paired control Thrs rat excreted 10 
times the citnc acid found in its skeleton at the end of the experimental 
penod 

A consideration of the differences m balances between paired animals 
agam emphasizes the fact that the citrate m bone is not a significant source 
of citnc acid under these conditions of stimulated endogenous production 
Rat 27 excreted 1 108 gm more citnc acid than did its pair-fed control, 
the difference m concentration m the bone was 0 3 mg per gm and the 
difference in total amount in the skeleton was 2 8 mg 

The foregoing evidence regarding the lack of correlation between the 
citric acid balances in pair-fed animals and the citnc acid content of the 
bone strongly suggests that endogenous citnc acid anses from some type 
of synthetic metabolic process apart from the mobilization from the 
skeleton 


SHMMABT 

On the basis of studies of the citric acid balance and of anal^ sis of bone 
of pair-fed rats, it is concluded that the excess of citnc acid excreted by 
the kidney after the admmistration of sodium bicarbonate and sodium 
malate does not onginate m the skeleton but is a product of intermediary 
metabohsm 
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SYNTHESIS OF COENZYME AND FACTOR V IN ERYTHRO- 
CYTES, AND THE EXCRETION OF NICOTINIC ACID DERIVA- 
TRTiS IN THE URINE FOLLOWING THE INGESTION 
OF NICOTINIC ACID AND NICOTINAMIDE 

Bi CHARLES L HOAGLAND, S M WARD, and R E SHANK 
(From the Hospttal of The Rochcfeller Institute Jot Medieal Research, New York) 

(Received for publication, September 9, 1943) 

Recently attention was called to the fact that m the human organism 
mcotmic acid and mcotmamide are not equally effective in raising the 
content of factor V of the blood (1, 2) By means of an improved micro- 
biological techmque it was shown that, while the oral admmistration of 
mcotmic acid was followed regularly by a prompt elevation of the concen- 
tration of factor V m the blood, no change occurred m the level of this 
factor after mgestion of mcotmamide Lwoff and Lwoff (3) have shown 
that either coen 2 yme I or coenz 3 Tne II wdl replace factor V in the metab^ 
ohsm of Hemophilus influenzae This observation, together with subse- 
quent reports of the relation of factor V to coenzymes I and II, has made 
it clear that the phosphopyridme nucleotides, or some important fraction 
thereof, may be regarded as factor V For several years mcotmic acid and 
certam of its derivatives have been assigned only one r61e in animal metab- 
olism, namely, that of providmg essential blocks for the biological synthesis 
of coenzyme In view of the general acceptance of this idea, the failure of 
mcotmamide to produce significant changes m the concentration of factor V 
m the blood is disturbing It seemed advisable, therefore, to determine the 
influence of mcotmic acid and mcotmamide on the synthesis of coenzyme 
m the blood by< another method, preferably one based on dehydrogenase 
activity, and to correlate changes m coenzyme concentration measured in 
this manner with changes m the content of factor V as determmed by 
means of the techmque m which Hemophilus influenzae is employed That 
marked differences m the metabolism of mcotmic acid and mcotmamide 
exist, as suggested m an earher report (1), is becommg abundantly clear, 
not only from studies of the nature of changes m the blood w'hich foUow the 
administration of these compounds, but from quantitative studies of the 
excretory products of mcotmic acid m the urme as well (4, 5) Therefore, 
m order to learn whether differences m the urmaiy output of mcotmic acid 
derivatives could be correlated with differential changes m the blood, fol- 
lowing the administration of mcotmic acid and mcotmarmde, quantitative 
studies of urmary derivatives have been earned out simultaneously, m 
certam instances, with studies of the factor V content of the blood 
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Matenak and MeOtods 

Dclcrmtnahon of Coenzyme I Activity by Rale of Oxidation of Lactate and 
Malale — Owing to the difficult3’' encountered in avpressing coenzyme I in 
absolute values, when determination is made by enzj'matic means, only 
relatn e changes in actmty have been recorded, in terms of carbon dioxide 
production from a given substrate The values m all cases have been of 
sufficient magnitude and reproducibilitj to allow for correlation with 
changes in factor V as measured by the method m which Hemophilus 
influenzae is emploj'cd In our hands methods for the determination 
of coenzjme II in blood have proved generally unsatisfactorj% hence com- 
parison between factor V content of the blood and coenzyme II activity 
was not attempted Among the various methods tried for the determina- 
tion of coenzyme I activity, that of Quastel and Wheatley (6), ivith certain 
modifications, appeared to give the best results Of the vanous substrates 
used for testing coenzyme I activity, those of lactate and malate proxed 
most satisfactory' for our purposes 

Measurement of Rate of Oxidation of Lactate and Malate — 3 cc of whole 
blood weie suspended m 6 cc of isotomc NaCl in a 15 cc graduated centn 
fuge tube and spim in a centnfuge for 20 mmutes at 1500 r p m The level 
of the packed cells was marked and the supernatant fluid discarded The 
cells were then washed twice in salme, and when ready for use 4 volumes of 
distilled water were added To the bottom of the Warbuig flask were 
added 0 4 cc of 0 16 M NaHCOj, 0 6 cc of isotomc NaCl, 02 cc of 0 5 M 
NaCN, and 1 0 cc of erythrocytes hemolyzed m 4 volumes oi water To 
the side arm were added 0 1 cc of 0 16 M NaHCOj, 0 2 cc of ferricyanide 
solution (2 5 cc of 10 per cent Na3Fe(CN)6 -f- 0 5 cc of 0 16 m NaHCOj), 
and 0 5 cc of sodium f-lactate or sodium f-malate 0 5 cc of sodium 
cldonde was substituted for lactate and malate m the control flasks A 
small stick of yellow phosphorus was placed m the center cup and the 
manometer and flask w ere equilibrated with a gas mixture consisting of 95 
per cent N; and 5 per cent CO: The manometers were placed m a water 
bath at 37° and shaken at 50 n p m When temperature eqmlibnum had 
been achieved, the contents of the side arm were tilted mto the reaction 
flask and after an mtenml of 5 mmutes readings were taken every 10 min- 
utes for 40 mmutes , 

Determinations of factor V were made on blood and unne by a methoa 
previously’ desenbed m w hich the mtnte produced by Hemophilus influenzae 
xvas used as a measure of the content of factor V of added test matena s 
(1) Detenmnations of trigonelline and acid-hydrolyzable denvatix es o 
nicotinic acid in the unne were made by the method of Perlzweig, Di 
and Sarett (7) 
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experimental 

Base-hne values for the concentration of factor V, the rate of oxidation 
of lactate, and of malate when determined, and the urinary excretion of 
nicotinic acid derivatives ivere obtained m each case before ingestion of 
nicotinic acid or nicotinamide 

Factor V Concentration and Rale of Oxidation of Lactate in Erythrocytes 
Following Ingestion of Nicotinic dad— Three persons whose dietary intake 
of nicotinic acid had been normal for several months were placed on an 
intake of 20 mg of nicotmic acid per kilo of body weight per day, and fre- 
quent determinations made of the factor V concentration of the blood and 
of the rate of oxidation of lactate by the erj throcytes Typical curves for 
one of these patients are given m Fig I As revealed by previous studies, 



Pig I Increase m the rate of oxidation of lactate and in the content of factor V 
following the administration of nicotinic acid 


the factor V concentration rose promptly follmvmg the mgestion of mcotmic 
acid At the same tune the rate of oxidation of lactate by erythrocytes was 
greatly enhanced This was regarded as evidence of an increase in con- 
centration of coenzyme I The mcreased rate of oxidation of lactate is 
seen, moreover, to parallel the nse m factor V, and like factor V to fall 
slowlj to the previous level when mcotmic acid was withdrawn 
With a high concentration of coenzyme m erythrocytes it nught be ex- 
pected that the rate of oxidation of lactate would no longer be hrmted by 
coenzyme I, but by the specific dehydrogenase of lactic acid That this 
was not the case was revealed by supplymg additional coenzyme I to 
erythrocytes already showmg high coenzyme activity m order to see 
whether further mcrease m the rate of oxidation of substrate could be 
achieved In every case a marked acceleration m the rate of oxidation of 
substrate followed the addition of more coenzyme 
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Factor V Concentration and Rate of Oxidation of Lactate and Malatc Follow 
ing Ingestion of Nicotinamide — ^For purposes of companng the effects 
obtained from nicotinic acid WTth those secured from nicotmamide, three 
additional persons were selected and given nicotinamide m amounts approxi- 
matmg 20 mg per kilo of body weight per day In this studj the rate of 
oxidation of both lactate and malate was detemuned m addition to factor I 
The oxidation of malate, like that of lactate, is mediated through coenzjmc 
I No changes w ere recorded m either factor V concentration m the blood 
or m the rate of oxidation of lactate or malate bj' erythrocytes, although 
administration of mcotmanude was contmued for 20 days Howeicr, 
when nicotinic acid was substituted for mcotmanude, a prompt nse oc- 
curred in factor V, follow ed by an mcrease m the rate of oxidation of botli 
actate and malate These values are recorded m Fig 2 
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Fig 2 The effect of the administration of nicotinamide and nicotii c acid on the 
concentration of factor V in the blood and on the rate of oxidation A lactate and 
malate by erythrocytes 

Attempts to correlate factor V with an increase in blood coenzyme Im e 
been made by Kohn and Hem, with somewhat different teclmiquos (8) 
These workers claimed, howet er, that changes in concentration of coenzi me 
could not have accounted for all changes observed m factor 1 concentra- 
tion, smee factor V could mcrease w'hile the rate of oxidation of lactate 
decreased No results of studies with mcotmanude were reported n 
no mstance have we observed an increase m factor 1 which was accom- 
pamed by a decrease m the rate of oxidation of lactate or vice versa n 
each mstance a nse or decline in the concentration of factor V w'^ accom 
pamed by a paraUel nse or fall m the rate of oxidation of lactate and mala e 
The apparent lag m the rate of oxidation of lactate, occurring dunng le 
ini tial rise m factor V, was attnbuted to a lack of sensitivity o i 
enzymatic method employed for the detennmation of cMnzyme e 
tively small mcrements of coenzyme are not measured b} this me 
The possibility that a nse m concentration of coenzyme II 
rapid than the nse m coenzjme I, thus contnbutmg to an accelc 
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m tot'll factor V, should be kept m mmd Obviously, studies on the differ- 
ential rate of sj nthesis of coen 237 ae I and coenzj'me II m the blood must 
vait until better methods for the determination of coeazyme II have been 
de\ ised 

Studies on Pattern of Excretion of Nicotinic Acid Compounds in TJnne 
Following Ingestion of Ntcolinic Acid and Nicotinamide — Studies of the 
evcretiou of mcotmic acid deirvatives in the unne following the ingestion 
of mcotmic acid and nicotmamide vere made to learn whether the differ- 
ential response of erythrocytes to these compoimds tv as reflected by differ- 
ences m the type of mcotmic acid denvatives in the unne Three 



Fig 3 The effect of the administration of nicotimc acid and mcotmanude on the 
concentration of factor V in the blood and on the excretion of mcotmic acid denva- 
tives in the urine 

children, between 8 and 10 years of age, were placed on diets low m tngonel- 
Ime and their unne examined quantitatively for denvatives of mcotimc 
acid by the method of fractionation devised by Perlzweig and associates 
(5) In this method total mcotimc acid is determmed after acid hydrotysis, 
and tngonellme as mcotmic acid after subsequent hydrolysis by alkah m 
the presence of urea Analyses of the blood and unne for factor V were 
perfonned at frequent intervals dunng the course of the experiment When 
adequate base-lme \alues for excretion had been obtamed, the subjects 
were gi\en mcotmic acid m amounts approximatmg 20 mg per kilo of 
body weight per day Administration was contmued for 15 days, at which 
time mcotmic acid was discontmued and measurements of the excretion 
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of nicotmic acid compounds in the urme and of the factor V content of tlic 
blood contmued until all values had returned to normal At this time the 
administration of mcotinaimde ivas begun and continued for a like penod 
of 15 days, and determinations made as before of factor V m the blood and 
of the excretion of urmary compounds of nicotinic acid A chart for one 
of these mdividuals is given m Fig 3 Certam striking quantitative differ- 
ences are immediately apparent Folloivmg admmistration of nicotinic 
acid there iias a marked and immediate nse m the unnar3' output of both 
the acid-hjdrolyzable compounds of nicotmic acid and of tngonelline A 
prompt nse also occurred m the content of factor V in the blood The 
nse in factor V concentration, however, lagged appreciably behmd the 
sudden mcrease m the rate of excretion of mcotimc acid compounds Con- 
versely, folloivmg cessation of the mtake of nicotmic acid the urmarj' com- 
pounds of mcotimc acid fell abruptly to the former base-level, while the 
factor V content of the blood fell only slowly to its previous value With 
mcotmamide, on the other hand, no important mcrease m the acid-hj- 
drolyzable fraction of mcotimc acid denvatives occurred, although the 
output of the alkah-hydrolyzable fraction compared favorably wth that 
observed folloivmg mgestion of mcotimc acid Similar findings hai e been 
reported by Sarett cl al (5) As m previous studies, no mcrease m factor V 
m the blood occurred followmg the mgestion of mcotmamide, and no factor 
V was demonstrated m the urme followmg the administration of nicotmic 
acid or mcotmamide In three additional subjects mcotmamide was gii en 
first, followed by mcotimc acid No essential change m the pattern of 
excretion of mcotimc acid denvatives was observed, hovever, by vaijnng 
the order of admmistration 


DISCUSSION 


Smee the discovery that the cell catalysts diphosphopyndme and tnphos 
phopjTidme nucleotides contam mcotmamide as an essential component of 
their structures, it has been tacitly assumed that mcotimc acid and its 
amide function pnmanly as buildmg blocks for these compounds There 
IS mcreasmg evidence, however, that this may not be the only rf>le uhich 
mcotimc acid and mcotmamide play m the phenomena of cell cataljsis 
Saunders, Dorfman, and Koser (9), for example, have presented evidence 
•nhich they mterpret as mdicatmg that mcotmanude, at least, is concerned 
m the mechanism of cellular oxidation m some waj^ other than b) the 
fonnation of the pyndme nucleotides Results of studies desenbed m this 
paper show that extraordmary differences occur between the metabohsm 
of mcotimc acid and mcotmamide in the human organism These differ- 
ences are reflected not only m the nature of the constituents appearing in 
the blood, folloivmg the mgestion of mcotimc acid and mcotmamide, u 
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hkewnse m marked quantitative diffeiences in the mcotmic acid constituents 
appearing in the unnc Before the whole pattern of metabolism can be 
fullj understood, how ever, it w ill be necessarj to stud^ not onlj differences 
in the constituents of blood and unne, which appear follownng the admmis- 
t ration of nicotmic acid and mcotmamide, but the nature of the compounds 
m tissues as well Studies of this tjpe are m progiess and the results wall 
be reported subsequently 


SUMMARY 

A rise in the concentration of factor V in the blood following the adminis- 
tration of mcotmic acid w as accompamed bj a marked acceleration of the 
rate at which erjdhrocj tes perform the o\idation of lactate and malate 
Com ersely, a fall m factoi V concentration, occasioned bv withdraw al of 
mcotmic acid, w as paralleled closely bj a fall in the rate of oxidation of these 
substrates Nicotmamide, on the other hand, w hich w as prei loush show n 
to be without effect on the level of factor V in the blood, produced no meas- 
urable elevation m the rate at which erythiocjte® oxidize lactate and 
malate 

Partial fractionation of the unnaiy denvatives of mcotmic acid m chil- 
dren, following the administration of mcotmic acid, rexealed a marked 
mcrease m both acid- and alkaU-hjdrolyzable fractions of mcotmic acid 
denvatives m the urme After ingestion of nicotinamide no important 
change m the level of excretion of acid-hj^drolyzable compounds occurred 
However, a marked mcrease was observed in the lex el of excretion of 
tngonellme 

These results are mterpreted as pomtmg clearly to differences m the 
manner m which mcotmic acid and mcotmamide are metabolized m the 
human organism 
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ha\ e shoTO that fixation of free nitrogen bj a culture of Azotohaclcr 
ti“insfeired prexuoush on an N-free medium is not markedl}' inhibited b\ 
nitrate and ei en less b\ glutamate If hj drogenase and nitrogenasc are 
related, a marked reduction in the hj drogenase content of organisms grown 

TABIiE I 


Effect of pH and Ntirogen Source on Hydrogenasc in Azolobacler 


Culture yrtm-n on 

N source w medium 

pH after 
autoclaving 

pH after 
harvest 

QkIN) 

Retaljve 
h) dro 
genaset 

N, 

N, 

7 0 

6 9 

3980 

100 


NH,NO, 

7 0 

6 6 

1480 

37 2 


NH< acetate 

7 0 

7 S 

1920 

48 2 


N- 

6 5 

0 5 


104 8 

(NH,) HPO. 

(NH,)jHPO,t 

7 6 

5 9 

1510 

38 0 


(NH,),HPO. 

7 0 

5 8 

1530 

38 2 


NH.NO, 

7 0 

6 4 

1500 

37 7 


NHj acetate 

7 0 

6 7 

1970 

49 5 



7 0 

6 8 

3970 

99 8 


* IS the c nun of total gas uptake {H* Oi) per hour per mg of K in tbecells 

t Per cent of Q;r(X) for suspension transferred and grow n on Nj 
t Nitrogen added aseptically after sterilization of the medium 


Table II 


Effect of I anous Nitrogen Sources on Hydrogenasc Content of Azotohaeier Species 


Organism 

^ Medium 

0xO>) 

ji 

Azolobacler 

N-free 

4416 

100 

vinclandti 

(NH,),HPO. 

1240 

28 1 


KNO, 

26S0 

60 8 

1 

Glutamate 

4395 1 

99 6 

Azolobacler 

N free 

2535 

100 

chroococcum 

NHf acetate 

790 

31 2 

1 

KNO, 

2020 

81 0 


Glutamate 

25S9 

101 s 


NH(NO, 

348 

13 7 

Azolobacler agile 

N free 

3900 

100 


1 NH, acetate 

655 

16 8 


IvNOi 

1275 

32 7 


1 Glutamate 

3290 

84 5 


NH,NO, 

1700 

43 6 


* The h> drogenase in cells grown on an N-free medium equals 100 


in the presence of these combined nitrogen sources would thereforenot be 

\daplalion of Azolobacler mnclandn to Venous Sources of Combined A 
The results m Tables I and II were obtamed ivith cultures earn 
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stock on the N-free medium SuniJar experiments have been made A^faich 
include cultures “acclimatized” or “adapted,” by previous senal transfer, 
to the source of nitrogen used 

Ammontutn Acetate — 50 ml of Burk’s N-free liqmd medium vere sten- 
lized in Roux bottles ^’arj mg quantities of nitrogen as ammonium acetate 
Mere then added asepticall}’’ to the flasks One set of flasks uas moculated 
xntli a culture of Azotohacicr mnclandn earned on the N-free medium and a 
similar set inth a culture which had undergone six transfers on Burk’s 


Table III 


Effect of Different Concentrations of NHt N on Nitrogen Fixation and Hydrogenase 
Content of \2otohacter vinelandii Cultures Groum- Previously on N Free Medium 
and on Medium Containing NHt N 


Culture 

KH» acetate 
N jn medium 

1 

1 

Relative 

hydrogenase 

Nitrogen balance 


CelU 

Medium 

Rcco\ ery 


1 m; per iOQ rnl } 


total ms 

rtf Per 100 ml 

per cent 

N free 

0 

4740 

100 

10 4 




5 

4235 

S9 5 

S 8 

0 3 

182 5 

! 

10 

4380 

92 5 

10 2 

3 4 

136 0 


20 

j 3035 

64 0 

16 6 

4 1 

103 7 


30 1 

I 2395 

50 6 

I 21 4 

7 9 

97 7 


50 1 

1930 

40 7 

25 8 

26 1 

103 5 


70 

, 2025 

42 S 

17 8 

49 1 

95 5 


100 

1 2155 

49 4 

10 2 

85 4 

95 0 

NHj acetatej 

I 0 

i 4945 

104 

10 4 

1 



5 ! 

4520 

95 5 

7 6 

0 0 

152 0 

1 10 I 

4980 

105 0 

10 4 

1 2 

116 0 

1 20 

3150 

66 4 

17 0 

3 7 

103 6 

I 30 I 

2475 

52 2 

19 4 

8 1 

91 7 

SO 

1950 

41 2 

27 4 

19 7 

94 4 

70 1 

1245 

26 2 

18 8 

49 7 

97 8 

1 100 ' 

1035 

1 

21 8 

14 0 

83 1 

97 1 


* When the recoverj of N exceeds 100 ± 10 per cent, the excess represents fixation 
of free Nj 


medium plus 500 parts per million of X as ammomum acetate After 34 
hours the cells were removed by centrifugation, w ashed, and the hx dro- 
genase detennmed The mtrogen in the supernatant was estimated bx 
aeration of aliquots mto standard acid after addition of NaOH 
Table III presents the data from a tjqiical experiment As the quantitx 
of combmed mtrogen added to the medium decreases until it is equal to 
or IS less than the total mtrogen m the cells, mcreased hydrogenase m the 
cells IS observed This means that an mcrease m the mtrogen-fbang 
enz}Tne system (as mdicated by a recox'eiy of mtrogen exceedmg 100 per 
cent) IS accompamed by an mcrease m hjdrogenase The hjdrogenase 
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activity of cells in the presence of low er levels of NH<-X is the sme v hether 
the culture had been previously grown on Ns or on It is concluded 

that Asoloiacler utihzes NH^-N at a rate that is independent of pre\ lous 
contact with this source of N At higher levels (aboi e 500 p p m ) the 
reduction in hydrogenase apparently is less unth the non-adapted culture 
This result is not clear cut, however, since the observed reduction in 
hj’’drogenase of the culture kept in air in this experiment w as not as great 
as IS usually noted (see, for example. Tables II and Y) 

Potassium Nitrate — In this experiment the source of nitrogen was K\0j, 
the culture w as acclimatized to it bj being transferrcd =:ernlh eight times 


Tabix rv 


Effect of Different Concentrations of KhiOt N on Nitrogen Fixation and Hydrogenase 
Content of Azotobacter vtnclandii Cultures Grown Previously o« A Free Medium 
and on Medium Containing KNO» A 


Culture 

Kl^OrN in 
medium 

QkO^) 

Relatiiie 

hydrosenase 

j Nitrogen balance 



Recmery 


mg per JOO ml 



total mg 

mg per 1(^0 mi 

Per cent 

N-free 

0 

4130 

100 

12 2 




5 

3610 

S7 3 1 

9 4 

3 5 

258 0 


10 

3150 

76 3 ' 

12 0 

7 2 

192 0 


25 

2920 

70 7 

12 0 

14 0 

104 0 


35 

2600 

62 g 

11 0 

23 7 

99 2 


50 

2400 

58 2 ! 

10 2 

36 S 

93 6 


100 

2690 

65 2 

15 0 

79 2 

94 2 

KNO, 

0 

2870* 

69 5* 

10 0 




5 

2250 

54 4 

10 6 

0 0 

212 0 


10 

1350 

32 7 

9 0 

1 1 

101 0 


25 

1520 

36 8 

9 4 

14 4 

1)5 '6 


35 

1710 

41 4 

8 6 

30 3 

111 0 


so 

IS20 

44 0 

9 0 

44 5 

106 S 


100 

1630 

39 4 

9 6 

98 0 

107 6 


• These low A alues maj be explained b> the carry-over of XOi M m the inoculum 


m the usual medium plus 3000 p p m of ICNOj-N The residual nitrogen 
m the supernatant was determmed by reduction with Dei arda’s alloj ana 
distillation mto standard acid 

The results m Table IV show that with the non-adapted cultures ICN'Oj, 
especiall} at low levels, has relatn ely httle effect on the hj drogenase con 
tent, m agreement wnth the fact that it does not readilv compete wnth t e 
nitrogen-fbong reaction (5, 6) In contrast, the hj drogenase content o 
the adapted culture was qmte markedly reduced bj low levels of Iv-^ » 
The analytical methods were not sufficiently reliable to make it ^ 
to determine from these data whether free mtrogen was fi-xed bj eit cr 
adapted or non-adapted culture m the presence of excessive ICsOj 
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Fig 1 illustrates the results which are relevant for the argument that 
hjdiogenase activiti is associated with the functioning of nitrogen fixa- 
tion m Azoioiactcr Whenever NHi is the source of combined nitrogen, 
the hydrogenase act nit j is associated with the functionmg of nitrogen 
fixation m Azolohacto Also, if NH« is the source of combined nitrogen, 
the hj drogenase actn itj decreases with an increase in the supplj’^ of fixed 
nitiogcn whether or not the culture has been previously adapted to NH4 
This agrees with the fact that Azotobaclcr does not require an adaptation 



Flo 1 Effect of different concentrations of NHi N and NOj Non nitrogen fixation 
and on the hydrogenase content of izolobacter vinelandxi cultures grown previously 
on an N free medium and on a medium containing NHi N and NOi N respectively 


to NH4 before this source of mtrogen successfully competes with Nj If 
KOj-N IS supphed the orgamsm, how'ever, the quantitative aspects of the 
decrease m hydrogenase depend on whether the culture has been adapted 
to mtrate N With non-adapted cultures nitrogen fixation is not entirely 
suppressed by NO3-X ( 5 , 6), as can be seen m the figure, the formation of 
hydrogenase likewise is not markedly reduced 
Effect of Growth in Ht-Oi Gas Mixture on Hydrogenase Activity of Azoto- 
bacter mnelandn — The effect of the specific substrate on the hydrogenase 
content of Azotobaclcr was determmed by growing the organisms m an 
Hi-Oa mixture w^hich forces the cells to obtam all mtrogen from the sub- 
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strate, as fixation cannot occur There should be little, if anj , nitrogen 
fixing enzjune formed, consequently, if hydrogenase and mtrogenase are 
closel 3 ’' related, such cells should have less hydrogenase activitj 
The techmque for groinng the cells is essentiallj that of Wj ss and 11 il 
son (7) 50 ml of Burk’s medium are placed m liter PiTex bottles, in the 

center of each of which is a test-tube (24 X 100 mm ) containing 15 ml 
of 20 per cent KOH Each bottle is closed with a stenie, gas-tight rubber 
stopper through which is passed a gas inlet tube that terminates inside the 
KOH "m ell ” A sterile cotton filter m the Ime also aids in prei enting 
contammation from the mcommg gas The desired gas mixture (pH; 0 8, 

Table V 


Effect of Growth in H; Oi Gas Mixture on Hydrogenase Achiity of 
Azotobacter vinelandn 


Culture 

Medium | 

1 

Gis phase 


Relatne 

h>drogeM»c 

X free 

i 

N free f 

Air 

3310 

100 


XHj acetate j 

II 

990 

29 9 


(1 ! 

H, 0; 

623 

IS 8 


K^O, 

Air 

1160 

3o 0 



HjO 

632 

19 1 


XH,NOs 

Air 

900 

27 2 


« 1 

H 0 

324 

9 S 

XH* acetate 

X free 

Air 

3070 

92 8 

1 

XH( acetate 

II 

1040 

31 4 

1 

il it 

H, 0; 

782 

23 0 

ICXO, 

N free 

Air 

2540 

77 0 


KXO, 

II 

422 

12 6 



H Oj 

93 

2 9 

XH,XO. 

N free 

' Air 

2470 

74 8 


NH,NO, 

II 

460 

13 9 


II 

H, 0; 

290 

8 8 


pO; 0 2 atmosphere) is added to the bottles bj’’ di awing a lacuum of 2 
mches of mercury and fillmg it with hvdrogen This is repeated three 
tunes, then a vacuum of 5 8 to 6 0 mches is drawn and 0: added to zero 
pressure The bottles are coimected through a watei seal to a mam o 
which leads to a reservoir of 0; Durmg the test CO^ from respiration i 
the bactena is absorbed m the KOH with a consequent pressure e ici 
which draws m more oxygen to replace that respired 

Table V gives data from an expermient m w Inch tw o co'nd 

weie used, one senally transferred on an N-free medium an 
on media contaimng the homologous combined nitrogen sources 
bmed nitrogen w as added to the bottles at the rate of 500 p p m i 
cells w ere grown for 34 hours 
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In agreement with previous results, adaptation to ammomum acetate 
had httle effect on the reduction of hj'-drogenase by this source of nitrogen, 
but adaptation to IvNOj or NH4NO3 was followed by a greater reduction 
m hjdrogenase when supplied ivith these sources of fixed mtrogen With 
either adapted or non-adapted cultures, growth m the H2-O2 gas mixture, 
far from mcreasmg the hydrogenase content, actually resulted m a decrease 
This was especially marked m the adapted ICNOj culture m which the 
hjdrogenase was practically elumnated, even though the specific substrate, 
H-, was present 


DISCUSSION 

The evidence concerned wnth the association of hydrogenase activity 
and the mtrogen nutntion of Asolobacter provided m this report may be 
summanzed as follows 

1 In the presence of low levels of combmed mtrogen hydrogenase ac- 
tivity parallels, at least roughly, mtrogen fixation by Azoiobacter Imtia- 
tion of mtrogen fixation through depletion of the combined mtrogen m the 
medium is accompamed by a sharp rise m the hydrogenase activity of the 
organisms 

2 It has been demonstrated with several species of Azotobacier that 
sources of combmed mtrogen which do not readily inhibit mtrogen fixation 
also do not matenally lower the hydrogenase content of the organism 

3 When organisms are acclimatized to sources of combmed mtrogen 
not readily utilizable (for example, MO3), the mtrogen source not only 
inhibits nitrogen fixation more effects ely, but also reduces the activity 
of hydiogenase 

i The presence of the specific substrate for hydrogenase durmg the 
grow th of Azotobacier does not cause a rise m the formation of the enzvme 
Cells grown m the presence of H2-O2 and combmed mtrogen must obtain 
their nitrogen from the substrate, smce fixation is not possible, a imnimum 
nitrogenase activity would be expected Comcidental with this, a mmi- 
mum hydrogenase content occurs m the cells 

The major weakness of the data is the apparent lack of quantitative 
agreement between the activity of the mtrogen-fixmg ej'^stem and hjdro- 
genase In several of the experiments conditions were such that mtrogen 
fixation w^as entireh suppressed, but m only a few instances was hj'dro- 
genase activity completely absent It must be reahzed, however, that 
w'hereas a quantitative estimation of hj^drogenase is possible, onlj qualita- 
tive statements can be made about the nitrogen fixation sjstem In the 
presence of high concentrations of combined nitrogen, mtrogen fixation 
probablj ceases, but whether this is due to the absence of the enzjme or to 
competitive inhibition bj' the combmed nitrogen with N2 cannot be stated 
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With certaintj It may be that there occurs merely a reduction, not an 
elunmation, of the mtrogenase and that this reduced content of enzyme 
IS completely inhibited by the combmed mtrogen source The actmty 
of the h3'drogenase need not be affected by the competition, smce it is 
known to differ from mtiogenase m manj' of its properties In the com- 
plete absence of Na ne can be sure that no fixation occurs, but not so 
certam that this imphes complete absence of the nitrogen-fbung ensjune 
If the latter, it appears that mtrogenase is a lughlj’- adaptive enzjTne formed 
only m the presence of the particular substrate It is significant that 
hydrogenase likeivise appears to be adaptive but responds to the presence 
of N2 and not H- 

Another observation v hich apparently^ conflicts with the luev that the 
enzyune system responsible for mtrogen fixation m Azotobactcr may be 
concerned with the oxidation of Hj is the inability to demonstrate an actne 
hydrogenase m the components of the syunbiotic mtrogen-fixmg system ( 4 ) 
This opposmg evidence may' not be serious, however, when it is reahzed 
that the root nodule bacteria alone are unable to fix mtrogen and that 
results vuth excised nodules are erratic ( 8 ) Hydrogenase nould not be 
expected, therefore, to be found m pure cultures of the bactena and would 
probably be weak m excised nodules Its detection with present methods 
may not be feasible, especially m mew of the fact that demonstration of 
the enzyune, even m Azolohacier, is sometimes difficult m the presence of 
organic sources of carbon The use of heavy' hydrogen may supply a more 
sensitive method ( 4 ) The failure of the mtact sy'mbiotic sy stem to utilize 
measurable quantities of hydrogen gas might also be explamed by the 
observation that hydrogenase frequently' appears to be mhibited by the 
presence of orgamc carbon substrates 

STOUIARY 

Sources of combmed mtrogen which readily mhibit mtrogen fixation by 
Azoiobaefer also inhi bit formation of hydrogenase This result does not 
arise because of concomitant changes m pH 
Adaptation of the organism to nitrate mtrogen so that the latter is more 
readily assimilated causes an mcrease m the effectiveness of KO3 to mhibit 
both nitrogen fixation and hy drogenase formation 

Inhibition of mtrogen fixation by combmed mtrogen m an H 0 atmos 
phere is accompamed by a marked decrease m hy drogenase, e\ en thong 
its specific substrate. Hi, is present Its formation appears to respon 
more to the presence of N; than to H- 1 t 

Trom these results it is concluded that hy drogenase is closely relaf 0 
the mtrogen-fixmg system m Azoiobacler 
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NEW ANHYDRIDES OF PEPTIDES AND 
DEHYDROGENATED PEPTIDES 

Bv JOSEPHINE E TIETZMAN, DAVID G DOHERTY, and MAX BERGMANN 
{From the Laboratones of The RochefeUer Instilule far Medical Research, New Yort) 

(Received for publication, September 20, 1943) 

The transformation of dehydrogenated peptides into anhydrides has 
been observed m three instances In the first of these, acetyldehydro- 
phenylalanyldehydrophenylalanine (I) (1) was heated ivith a water- 
pyndme mixture at 90° for 4 hours Under these conditions, 1 molecule 
of water was split off, and a solution of the pyndme salt of an anhydnde 
was formed On the addition of HCl, the free anhydroaoetvldehydro- 
phenylalanyldehydrophenylalamne, CaoHjsOsNs, was obtamed as yellowish 
crystals which melted at 210-212° The anhydnde was also formed at 
37°, but very much more slowly The unsaturated anhydnde is easily 
soluble m aqueous bicarbonate It forms, on treatment uith diazometh- 
ane, a methyl ester, from which it is regenerated bj saponification mth 

NaOH This indicates that the anhydropeptide contains a carboxyl 
group and that it must, therefore, correspond either to Formula II or 
Formula Ila The unsaturated anhydride is not appreciably altered by 
contact with the equivalent amount of n HCl at 28° for several days 
After a solution of the anhydropeptide in n NaOH has been kept at room 
temperature for 20 hours, most of the anhi'dropeptide may be recovered 
on acidification 

The unsaturated anhydropeptide, CjoHisOaNj, is also obtamed uhen the 
azlactone (III) of acetyldehydrophenylalanyldeh>drophenylalanme is 
heated wth pyndme and water This formation of the anhydride nng 
IS all the more remarkable, since the heterocycle of simpler azlactones, such 
as the azlactone of acetyldehydrophenylalanme, is opened hydrobdically 
when they are heated wth pyndme and water IVhether such a hydrolj'- 
sis, leadmg from the azlactone (III) to the open cham peptide (I), occurs 
as an intermediarj' step in the transformation of (III) to (II), (Ha), has, at 
present, not been decided 

Formulas II and Ila are m good agreement wth the result of the cata- 
lytic hydrogenation of the unsaturated anhydropeptide When palladium 
black uas used as the catalyst, the anhydropeptide took up 4 hydrogen 
atoms m the course of 100 to 150 hours, and tno veil defined, colorless 
substances could easily be isolated One of these had the composition 
CzoHjjOiNs, melted at 245-240°, and proved to be identical wth an inactu e 
acetylphenylalanylphenylalanme (Isomer A) obtained bj the hj drogenation 
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of acet-sldehydrophenjlalanjldehjdrophenjlalamne (I) and bj the ludro- 
genation of acetJldeh 5 d^ophen^lalanyl-d^-phenJlalaIJlne 
The second product obtained by the hj drogenation of the unsatunted 
anhydropeptide had the composition CsoHioOjNi, melted at 199-200°, 
contained a carboxj 1 group, and formed a meth} 1 ester melting at 135-137° 
We regard this compound as an anh 3 droacetjlphenylalanjlpheniIalanme, 
correspondmg to Formula It'' or R^'a, and, consequentlj , as an anhjdro- 
peptide deni ed from saturated ammo acids 
Water and n HCl at room temperature do not appreciabl 5 affect this 
hjdrogenated anhj'dropeptide m the course of 21 hours It maj also 
be recovered after a similar intenal from its solution in aqueous bicar- 
bonate 

The preparation of the anh>drobenzo>ldeh 3 drophenylalan}ldehjdro 
phenvlalanine, m p 256-258°, will be descnbed m the expenmental section 


CH C.H, CH C.H, 

I! li 

CH, CO— NH C CO— NH C COOH 


(I) 

CH C.H, CH CeHs 

i fl 

CH, C=K C C==N C COOH 

! — 0 — f 

, (ID 

CH C.H, CH C,H, 

II 11 

CH, C=N C CO C COOH 


(Ha) 


CH C,H, CH C,H, 

II II 

CH, CO— NH C C==N C 0=0 

1 0 

(III) 

CH, C.H, CH, C.H, 

I I 

CH, C=N CH C==N CH COOH 


(IV) 

CH. C,H, CH, CiH, 

I I 

CH, Cl=N CH CO— N CH COOH 

I I 

(Wa) 


Heterocjchc anhidndes of structures someiihat related to that of our 
anhjdropeptides haie been obtamed b\ the action of thionjl chlonde, 
phosphorus pentachlonde, or phosphorus pentovide upon the esters or 
amides of acjlated ammo acids The structures of the products thus 
obtamed from benzovlserme methjd ester (2), from other benzo}! amino 
acid esters, and from benzoylgb cmamide (3) are presented in Fonnu as 
V, VT, and VTI Manj- of these anhj’dndes n ere found to be rather scnsi 

tive towards mmeral acids . ■ * ,1 

SubsequentU , Graenacher and Mahler (4) demonstrated that acc j 
and benzojldehj drophen 5 'lalanjdgli cine ester, nhen kept at 180 lu toaio, 
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jield anhydropeptides for which formulas such as Formula "^ail uere 
proposed This t>pe of reaction was not observed when the terminal 
glycine ester group n as replaced by alamne ester or leucme ester groups 
In an attempt to apply Graenacher's procedure — heatmg in vacuo at 180° — 
to the free acetyldehj drophenj lalanylglycme, we have obtamed only a 
dark, tarrj’’ mass Also unsuccessful was an attempt to transform acetyl- 
or benzoj'-ldeh 3 "drophenylalanjdglycme into anhj dropeptides by our milder 
pjTidine-water procedure No anhydropeptide is known as 3 "et that has 
been prepared both hy Graenacher’s procedure and by ours One cannot 
be certain, therefore, that both procedures yield products of an analogous 
structure 

C.H, C— 0 CH, CH COOCHj CsHs C==N CR=C OCHs 

Lo I 

(VI) 

CH C,Ht 

II 

C.H. C=N C CO— N CH COOC.H. • 


(VIII) 

A second reaction m w'hich the foimation of an anhydropeptide has been 
observed, is the well known Ploechl-Erlenmeyer azlactone sjmtbesis In 
his classic study of this reaction, Dakin (5) has shown that the azlactone 
formation from benzaldehyde and glj cme is comphcated bj the formation 
of a polymeric benzyhdene glycme As a second by-product of the benzal- 
dehyde-glycme condensation, a compound, CjoHuOjNj, m p 256°, has now 
been isolated It wall be noted that this "by-product (256°)’’ has the same 
empincal formula as the previously discussed anhydropeptide (II), (Ila), 
and the azlactone (III) Any compound corresponding to a structure 
represented either by Formula II, Ila, or III may exist m four stereo- 
isomers For the azlactone (III) two stereoisomers haie alreadj’- been 
described (1) ' Four compounds are thus known which haie the same 
empirical formula Of these, the by-product (256°) has the highest melting 
point It forms well crystallized, yellow or mange, ammonium, pyn- 
dme, and sodium salts, from which it may be regeneiated upon the 
addition of HCl This behavior makes the presence of a carboxyd group 
probable It appears possible, therefore, that either Formula II or Ila 
represents the structure of the bj'^-product C'oHi.OjN; The scant informa- 
tion at present available does not, however, permit a definite decision 

' See the foot note on p 627 of the paper referred to 


N- 


(V) 


C.H, C=N CH, C=0 

l- 1 - trr r 

(VII) 
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The third case of the formation of an anhydropeptide was observed when 
an acetone solution of the azlactone (IX) of acetylbis(dehydrophenjdalanyl)- 
dehjdrophenylalamne (1) was treated wuth n NaOH at room temperature 
Deep yellow crj'stals of the composition C-yHigOsNs, meltmg at 289°, were 
formed, for which the structure (X) appears to be more probable than the 
isomenc bicychc systems. Formulas XI and XII In agreement wnth these 
formulas, this peptide anhydride does not form salts when treated with 
ammonium or sodium acetate It wull be noted that m the formation of 
this peptide anhydride the acetyl group of the starting matenal (IX) is 
split off and that, consequently, the anhydnde consists exclusively of 
three dehydrophenylalanine residues 

CH C,Ht CH CtHt CH C.Hi 

II II II 

CH, CO— NH C CO— NH C C=N C C=0 

l-oJ 

(IX) 


CH C,H, CH C.H, CH C.H, CH C,H, CH C.H, CH C,H, 



(X) (XI) 


CH C,H, CH C,H, CH C,H, 



A well known theory of protein structure assumes that the peptide 
cham of many a native protein is not present in the maximum extended 
zigzag form, but is folded and held m its specific folded pattern bj hydro 
gen bonds The lanous saturated and unsaturated anhydropeptides 
described m this communication cannot hai e the simple zigzag form m 
are held m the folded state by cox alent nng systems In some of our 
expenments, these ring systems are produced in aqueous solution an 
wnthm the physiological range of temperature by the mteraction of ti'o 
peptide bonds It xvill be necessary, therefore, to inxestigate whet er 
analogous anhydnde img systems occur in native or denatured proteins 


EXPERIMENTAL 

Anhydroacelyldehydiophenylalanyldehydrophenylalamne 20 gm 
tyldehydrophenylalanyldehydrophenylalanine were heated on t e s 
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bath with 40 cc of a 1 1 mixture of water and pyndine for 4 hours A 
clear solution was obtamed It was acidified at 0° ivith about 85 cc of 
2 N HCl An oil separated, nhich on the addition of ether, soon crystal- 
lized After 24 hours at 0°, the ci^'stals were filtered, and twice recrystal- 
hzed from 400 cc of absolute ethanol For maximum yield, the imxture 
■nas kept for 2 days at 0“ before filtration Yield, 8 gm M p , 210-212° 
(mth decomposition) 

C,oH„0,N, Calculated C 72 3, H 4 8, N 8 4 
332 3 Found “ 72 4, “ 4 8, “ 8 3 

A similar experiment earned on for 20 days at 37 5° yielded 16 gm of 
crude matenal meltmg at 209-210° (inth decomposition) After three 
recrystalhzations from absolute alcohol, 3 2 gm of anhydroacetyldehydro- 
phenylalanyldehydrophenylalamne were obtamed, which melted at 210- 
212° (inth decomposition) 

Found C 72 2, H 6 2, N 8 4 

The anhydropeptide may also be prepared, at steam bath temperature, 
from the azlactone of acetyldehydrophenylalanyldehydrophenylalamne 
The yield is, in this case, about 10 gm of anhydropeptide from 20 gm of 
azlactone M p , 210-212° (with decomposition) 

Found C 72 2, H 5 0, N 8 3 

The unsaturated anhydropeptide forms heavy crystals of a creamy, yellow 
color It IS somewhat soluble in hot ethanol, much less so m cold ethanol, 
and x^erj'' slightly soluble m water Aqueous bicarbonate, aqueous pyr- 
idine, and solutions of sodium oi ammonium acetate m warm, diluted 
methanol foim soluble salts from which the anhydropeptide may be re- 
coi ered on acidification 

Hydrogenation of Anhydroacetyldehydrophenylalanyldehydrophenylalamne 
— In contact with palladium black, a solution of 40 gm of the unsaturated 
anhydropeptide in 1 liter of absolute ethanol took up 2 molecules of hj dro- 
gen At 20-25° this took almost 150 hours Towards the end of the 
h 3 "drogenation, a colorless crystalhne precipitate formed, which was col- 
lected together wath the palladium black This precipitate proved to be 
an acetylphenylalanjdphenylalanme Its purification wall be discussed 
below 

The yellow alcohohe filtrate from the palladium black was »iaporated 
in vacuo, twice taken up m eth 3 d acetate, and evaporated agam The 
1 iscous residue was taken up in another 250 cc portion of ethyl acetate 
On standing, a fine, colorless precipitate of the anhydroacet 3 lphen 3 dalanyl- 
phen 3 dalamne appeared Yield, after several days, 15 gm It was dis- 
soh ed m acetone and crystallized as heavy, rectangular pnsms upon the 
careful addition of water Mp, 199-200° (with decomposition) For 
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purification, this preparation nas coipred inth 1 equivalent of N NaOH 
After 24 hours, an equn alent amount of N HCl vas added and the undis- 
soh ed material twnce recrystalhzed from acetone and water M p , 203- 
204° (with decomposition) 

CioH oOjKj Calculated C 71 4, H 6 0, K 8 3 

336 4 Found “ 71 1, “ 6 0, “ S 1 

The anhydropeptide is somewhat soluble in acetone, but vei^' difScultlj 
soluble m water It is soluble in aqueous potassium bicarbonate, and ma\ 
be reco^ ered on acidification A\atb HCl 

The methjl ester was obtamed by treating the hydrogenated anhjdro- 
peptide with diazomethane It cr 3 stalhzed from methanol as si\ sided 
plates iM p , 135-137° 

CjiH-OiN Calculated C 72 0, H 6 3, N 8 0, OCH, 8 8 

350 4 Found “ 72 0, “ 6 2, “ 7 7, “ 8 7 

TlTien the anhj dropeptide was refluxed for several hours with HCl, the 
peptide was decomposed, and phenylalamne was formed This ammo 
acid was lecoiered as the 2,5-dibromobenzenesulfonate (6) 

CjHuOsN CeH.O.SBr, Calculated C 37 4, H 3 1, N 2 9, Br 33 2 
481 2 Found » 37 4, “ 3 4, " 2 9, “ 83 3 

As has alreadj been mentioned, an acet} Iphenylaianylphenylalanine 
was formed m the course of the hj drogenation and was collected with the 
palladium black It was extracted ivith a hot 10 1 mixture of acetone 
and water and the filtered extract was concentrated tn laciio The aceUl 
dipeptide crj'stallized on the addition of water It was recrystalhzed 
from an acetone-w ater mixture b 3 ’’ the addition of more w ater Eectangular 
plates were obtamed 

CjoH^O.N, Calculated C 67 8, H 6 2, N 7 9 
354 4 Found “ 67 8, » 6 4, " 7 8 

j\I p , 245-246° (wath decomposition) It will be show n later that one 
of the products of the hj'drogenation of acetyldehydrophen} lalain Ideh) dro 
phenjialanmo is an acet 3 dphenylalanjlphenjla]amne, melting at 240- 
248° (with decomposition) A mixture of the two preparations melted 
at 245-246°, thus indicating their identit 3 

AnhydrohcnzoyldchydropliemjlalanyldchydTophenylalantnc 25 gni of t e 
azlactone of benzo 3 ldeh 3 ^drophen 3 Hlan 3 Ideln d^ophen^ lalanme (1) were 
heated on the steam bath foi 7 hours with a mixture of 25 cc of p^n 
and 50 cc of w ater The cooled solution w as diluted w ith 100 cc of w a or 
and acidified to Congo red with about 105 cc of 3 x HCl 
addition of some ether, the anh 3 dropeptide costalhzed as hcaii, 3e o 
pnsras Yield, 20 gm ]M p , 240-245° (wnth decomposition) It 'v 
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twice recrystalhzed from absolute ethanol Mp, 258-259° (with de- 
composition) 

C5,HhO»N! Calculated C 76 I, H 4 6, N 7 1 
394 4 Found •• 76 2, “ 4 6, “ 7 1 

The benzoylanhydropeptide is soluble m acetone, methanol, and ethanol, 
but 1 ery difScultlj soluble m water 

Azhctonc By-Prodiicl — ^200 gm of glycme were heated with 1 liter of 
acetic inhtdnde, 330 cc of benzaldehyde, and 120 gm of sodium acetate 
(7, 5) The crude azlactone w as then boiled for 2 hours with 2 5 litei-s of 

water The dirk brown residue, about 60 gm, was twice extracted at 

room temperature with COO cc of ethyl acetate and then weighed 34 to 
35 gm Aftei two recrjstallizations from absolute ethanol, 13 to 15 gm 
of golden brown lods w'ere obtained For analysis they were dissolved in 
a 15 1 mixture of acetone and water, and precipitated bj the addition of 
more w ater IM p , 254-255° (with decomposition) 

C oH„0,N, Calculated C 72 3, H 4 8, N 8 4 
332 3 Found “ 72 2, “ 4 9, “ 8 3 

Another sample, which was twice recrystalhzed from ethanol, gave almost 
identical figures 

The azlactone bj -product is spaunglj’’ soluble m cold water and cold 
alcohol It IS, how e\ er, dissoh ed by a w arm, aqueous solution of sodium 
acetate The ammonium salt may be obtamed as ghstemng, }’-ellow 
platelets bj addmg the azlactone by-product to a solution of ammonium 
acetate in aqueous acetone Most of the ammonia is given ofi w hen the 
drj salt is heated at 78° and 0 5 mm over PjOs 

Anhydrobts(dehydrophenylalanyl)dehydrophenylaIamnc Azlactone — 12 5 
gm of the azlactone of acetylbis(dehydrophenjlalanyl)dehydrophenyl- 
alanme (1) were dissolved m 120 cc of acetone and 30 cc of N NaOH 
Crystallization soon began After 2 hours, 0 9 gm of orange needles had 
separated Thei weie stirred for a short time with a mixture of 100 cc 
of acetone, 100 cc of water, and 8 cc of x HCl M p , 288-289° (with 
decomposition) 

C Calculated C 77 7, H 4 6, M 10 I 

417 4 Found 77 4, "46,“ 99 

The azlactone anh 3 dnde, when treated with an acetone-water solution of 
sodium acetate, does not give a sodium salt 

Hydrogenation of Acctyldehydrophenylalanyldehydrophcnyldlamne — In this 
operation two steieoisomenc mactive acetylphenjdalanj lphen 3 lahmnes 
aie formed In the followuilg descnption these w ill be called Isomer A and 
Isomer B 

18 4 gm of acet 3 ddeh 3 drophent }alan 3 ]deh 3 ''dropheni lalanme w ere dis- 
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solved m 240 cc of water containing 8 4 gm of NaHCOj After the addi- 
tion of 60 cc of colloidal palladium, this solution was hydrogenated 
Shghtly more than 2 molecules of hydrogen were taken up Upon acidi- 
fication with 110 cc of N HCl a colorless precipitate formed, which occluded 
a good deal of catalyst In order to remove this, the precipitate v as dis- 
solved m 500 cc of absolute ethanol Nont was added and the suspension 
was filtered through a mat of nont On the addition of 600 cc of water 
to the filtrate, 7 5 gm of Isomer A crystalhzed m the form of five-sided 
plates They were dissolved in a 1 1 methanol-water mixture containing 
KHCOj, and reprecipitated by the addition of HCl Meltmg point of 
Isomer A, 246-248° (with decomposition) 

CmHmO.N, Calculated C 67 8, H 6 2, N 7 9 

354 4 Found “ 67 8, “ 6 2, “ 7 8 

The mother hquor of Isomer A deposited 9 3 gm of the needle-hke crystals 
of Isomer B, which, on recrystaUization from absolute ethanol, melted 
at 183-185° 


Pound C 67 8, H 6 3, N 8 0 

The identical products (Isomers A and B) v ere obtamed from the hydro- 
genation of acetyldehydrophenylalanyl-dl-phenylalamne 
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Attention has frequently been called to the mmilanties m the anemia of 
pellagra and of sprue and pernicious anemia (1) Rhoads and Miller suc- 
ceeded in produemg a macrocytic anemia m dogs m which they had ob- 
tamed a state of chrome blacktongue (2) The latter was achieved by 
feedmg 200 gm of raw beef daily dunng each of a senes of repeated black- 
tongue attacks which were mduced by a modified Goldberger diet consistmg 
largely of black-eyed peas and casern with proper supplementation After 
several such recurrent attacks the anemia was observed This procedure 
was not very satisfactory, since most ammals showmg the signs of acute 
blacktongue would not take the raw beef and relatively few anenuc dogs 
were obtamed from a large senes Further, these authors were not able 
to estabbsh the nature of the nutntional deficiency responsible for the 
aneima 

More recently it has been demonstrated (3) that the parenteral adminis- 
tration of physiological salme solution to dogs m acute blacktongue resulted 
m almost complete alleviation of the deficiency syndrome, the animals' 
hves were prolonged for as much as 180 days While the concentration of 
blood hemoglobm appeared actually to be mcreased due to hemoconcen- 
tration during acute blacktongue, a profound anemia developed durmg the 
following penod * In the present work it has been demonstrated that this 
anemia is specifically due to mcotmic acid deficiency and evidence is 
presented suggesting that the anenua develops for lack of cozymase needed 
for the respiration of the immature eiythrocytes 

EXPiailMENTAL 

Methods 

The anemia under consideration was produced by several techmques 
Three diets were used Diet I was identical with the modified Goldberger 
diet used previously (3) Diet II consistmg largely of com-meal has been 
described by Koehn and Elvehjem (4) Diet III was a highly purified 

^ It IS of interest that the protocols of Rhoade and Miller refer to the administra 
tion of saline to the dogs which they successfully made anemic bj feeding suboptimal 
amounts of beef, although no reason for this is presented in the text 
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ration, and a preliminary description of the fate of dogs on this regime has 
already been given (5) All animals received adequate supplementation 
twice weekly of thiamme, p3indoxine, and the fat-soluble vitamms, the 
dogs on Diet III also vere given cholme and calcium pantothenate 

Anorexia, infection of the oral mucosa with Vincent's organisms with 
consequent ropy sahvation and buccal necrosis, loss of weight, bloody 
diarrhea, and dehydration composed the complex syndrome designated as 
blacktongue in this work This syndrome appeared on Diets I and II and 
was successful treated ivith salme Blacktongue, ivithout dehydration, 
also appeared on Diet III, but spontaneously disappeared, although no 
therapeutic treatment was admmistered A number of animals on each 
diet, mvanably those with poor appetites, never developed blacktongue but 
dechned m weight from the beginning of the experimental period and 
gradually became anemic However, no distmctions were found in the 
anemias of any of these groups and for the present purposes they may be 
considered as one umt 

The stools of almost all of these dogs were rendered free of parasites with 
tetrachloroethylene at the begmnmg of the experimental penod and re- 
mamed so through the course of the work When the anemia had become 
pronounced and the dogs had lost a large bulk of their original body weight, 
they all appeared to have become more susceptible to infection by sarcoptio 
mange Their coats became quite thin with large completely denuded 
areas One or more sterile ulcers mvanably appeared, particularly at the 
]omts of the extremities 

Blood was, m each instance, drawn by external jugular vempuncture 
with a mixture of potassium and ammonium oxalates used as the anti- 
coagulant Hemoglobm was detenruned as alkahne hematm by the 
colonmetnc method of Evelyn (6) Reticulocytes were counted after being 
stained ivith bnlhant cresyl blue Hematocnts were measured m Wmtrobe 
tubes Plasma volumes were estimated after injection of the blue dye 
T-1824 by determmation ot the plasma concentration of the dye m the 
Evelyn colorimeter (7) 

Descnption of Anemia — In Table I are summarized the pertinent data 
obtained from exammation of the blood of twenty-two dogs Each dog 
served as its own control The values for the anemic dogs represent the 
results of the analyses of blood taken just before death in some instances, 
or at a satisfactorily anemic level m other animals in which successful 
therapy v as later initiated The animals appeared to fall into two groups 
Group A consisted of those animals m which there appeared a striking 
increase in cell size, while those animals m which little or no change m cell 
size occurred were designated as Group B and are presented m this fashion 
in Table I 
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T^TiiJe the unetnin described in Table I was definitely macrocytic in 
character, the change m mean corpuscular volume was not as strikmg as 
that reported bj Rhoads and Miller However, there were no instances 
of microcjdosis In only one animal was a reticulocjde count above 1 per 
cent observed At autopsy this dog was found to have a decidedly red, 
apparently hj^ierplastic marrow While the mean corpuscular hemoglobin 
w as very slightly elevated, the mean corpuscular hemoglobm concentration 
declined in proportion to the increase in cell size Gastric analyses w'ere 
performed on fourteen dogs and m no case was there any apparent impair- 
ment of acid secretory function In this respect the state of the animals 
was imlike that of anemic pellagrms Total van den Bergh reactions, 
performed on sera obtained by allowmg blood to clot under oil, were 
consistently negative 


Table 1 


Hematological Findings in Chrome Ntcoltntc Acid Deficiency 
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The extent of the anemia cannot be fully appreciated from the data of 
Table I Dunng the period m which the anemia developed, dogs frequently 
lost as much as 60 per cent of their original body weights Further, while 
the hematocrit dropped from 50 to 25 per cent, there was also a marked 
decrease m the plasma volume Consequently, while the hemoglobm 
concentration, m gm per 100 cc , was reduced to perhaps 30 per cent of its 
ongmal level, the total circulatmg hemoglobm decreased, m most instances, 
to but 15 per cent of its mitial value Table II summarizes the results 
obtamed with seven dogs already mcluded m Table I 
The tissues of a few dogs which died showmg a severe anemia w ere avail- 
able for histological exammation In no mstance did the femur marrow 
appear yellow and fatt 5 ’’ However, while the marrow of thiee dogs ap- 
peared intensely red and h 3 qjerplastic, the marrow of four others appeared 
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quite pale There was no apparent correlation between this difference and 
any of the hematological data obtamed from these two groups 

Histological exammation of the tissues of one dog was very kmdly made 
by Dr Duncan C Hethermgton of the Department of Anatomy 1 hour 
before it was sacnficed the red cell count was 3 1 milhons, hemoglobm 6 0 
gm per cent, hematocnt 25 per cent, reticuloc 3 des 0 4 per cent 

“Preparations from two different portions of the spleen showed a relative absence 
of the usual splenic corpuscles and the sinusoidal pattern was practically obliterated 
by a ‘reticuloendothelial’ reaction There were many macrophages filled with golden 
brown pigment (hemosiderin?) in the pulp of the spleen Small lymphocytes were 
not present in any large quantity, whereas large cells resembling macrophages were 
very plentiful, as well as what may have been numerous immature lymphocytes 
crowding the sinusoids When the Prussian blue reaction for demonstration of iron 
was performed on other sections of the spleen the golden brown pigment was replaced 
by an intense deposition of Prussian blue and great numbers of other cells of macro 
phagic type gave the iron reaction throughout the pulp of this organ 


Table II 

E^ecl of Nicolimc Acid Deficiency on Total Circulating Hemoglobin in Seven Dags 
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Anemic 

5 5 

24 


664 

1 

5 9 

39 


“The bone marrow also contained many and much larger pigment containing cells, 
which, under the stain of iron, were so blue as to appear black Phagocytosis was 
marked but not as plentiful as in the spleen The section of marrow evarained for 
cell types gave the impression of an exhausted marrow It was not crowded with 
cells, granulocytes were practically absent and there were few intermediate forms of 
myelocytes Nests of erythropoietic activity were very few in number and erythro 
poiesis appeared to have stopped at the erythroblast level ’’ 

Nutritional Basis for Anemia — The appetite of dogs with blacktongue 
when they are treated ivith saline rapidly returns toward normal Hon - 
ever, thereafter it gradually diminishes and, dunng the penod m which 
the anemia develops, such animals seldom eat more than 250 gm of cooked 
food daily To msure that the anemia was not simply the result of an 
madequate protein, calonc, and iron intake, the folloivmg expenment was 
undertaken 

Three animals ivere treated vnth salt when in acute blacktongue 
days after complete remission of symptoms liad occurred their oo 
hemoglobin concentrations had decimed to 5 2, 6 7, and 8 1 gm 
respectively Each animal was then given 1 cc of 10 per cen em 
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ammonuim citmfc (with copper added) subcufaneousiy daii} for 14 days 
At t)ic end of tins period their hemoglobin values had declined still further 
lo 4 S, G 3, and 7 4 gin per cent respectively 

Another group of three dogs was found to have hemoglobin concentra- 
tions of C 9, 5 S, and 7 0 gm per cent GO dajs after remission of the black- 
tongue signs For 10 da} s these animals were given 350 cc subcutaneously 
daih of aniigen" fortified with 10 per cent glucose At the end of this 
penod the blood licmoglobms w ere 5 0, 4 4, and G G gm per cent respectively 

At this point both forms of therapy were combined in all si\ dogs For 
12da}’sall the animals were given both iron and amigen with added glucose 
Nei erthcless, in each instance blood hemoglobins declined still further to 
4 4, 5 1, G 3, 4 0, 3 9, and 4 S gm per cent respectively Thus it did not 
appear that the anemia induced in this manner was due to anorevia ivith 
consequent insufficient intake of protein, iron, or calories, but rather to a 
failure to utilize these dictaiy elements properly 

Effect of Nicotinic Acid and of Nicotinamide — Si\ dogs were used in the 
following experiments and the history of a typical member of the group 
IS illustrated m Fig 1 When the hemoglobin concentrations had declmed 
sufficient!} (6 0 gm per cent w ere taken as the base-line in most cases) three 
dogs were given 50 mg of nicotinamide per day for 3 days and three were 
gnen cqilnalcnt amounts of nicotinic acid Thereafter, each dog was 
given 50 mg of nicotinamide or of nicotmic acid once w eekl} However, 
the food intake of each animal was limited immediately for the following 
period to an amount of food insufficient to permit an} appreciable w eight 
gain, 250 gm per da} of the exqiermiental diet on which the anemia had 
been mduced In each animal there was an immediate reticulocyte re- 
sponse which reached a maximum of 15 to 30 per cent aftei 3 or 4 days and 
subsided about 10 da}s later The red cell count, hemoglobin, and hema- 
toent contined to nse for 30 to 40 days 

The maximum hemoglobm concentrations obtained in this manner 
varied from 11 5 to 15 gm per cent and the red cells returned to their 
original size in each dog However, dunng this period there was no 
increase in body weight or plasma protein concentration The dramatic 
reticulocyte response and subsequent continued hematopoietic rise in the 
absence of any increase in body w'eight or plasma protein concentration 
must suggest that the observed anemia is not due simply to a general state 
of debilitation but rather that nicotinic acid is in some wa} essential for 
normal hematopoiesis 

When the hemoglobin concentration had reached a maximum under these 
Circumstances, the dogs’ food allowance was doubled for the followang 30 

* A 10 per cent solution of a pancreatic digest of casein obtained from Mead John 
son and Company, Evansville, Indiana 
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to 40 dajs This resulted m a sharp rise m the plasma protein level but 
only a small increase in body weight The animals’ food allowance was 
then doubled again and the}' rapidl 3 '- regamed their original bodj weight 
From these data it appears that when the cause of a metabolic distuibancc 
which has produced a loss of body weight, plasma proteins, and hemo 
globin IS removed, dietary piotein is utilized firet to restore the normal 



WYS 

Tig 1 The effect of nicotinamide on the anemia of chronic nicotinic acid defi 
ciency The stippled area represents the period in which bhektongue signs were 
evident and the animal was treated with saline ffhe arrow indicates the point at 
which nicotinamide was administered 

hemoglobin concentration, then plasma protein concentration, and linall} 
to sjmthesize tissue proteins and restore body weight It is noteworthj 
that the plasma protein concentration of only one of the total of thirts'-one 
dogs used m this study declined sufficiently to produce a palpable edema 
The abdomen of this dog filled wuth ascitic fluid and at autops) the am 
mat's heart Avas found to be greatly dilated , 

Three of the si\ dogs of this group were fed Diet I, and three were 
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Diet II Only two clogs fed Diet III cvere studied in this fashion These 
dogs also showed (he rapid hematopoietic response after nicotinamide 
therapj Howc\er, while their hemoglobin concentrations rose to maxima 
of 10 4 and 12 3 gni jier cent 24 and 31 days after therapy was instituted, 
these a allies then dropped rather rapidly foi the next w-eek and both 
animals died Siicli beliai lor, in contrast ivith that of the other six dogs 
suggests further deficiencies in this highly purified ration 

Effects of Cohalt, Hemoglobin, and Diver ‘inli-Permcious Anemia Factor — 
Because of tiie resemblance between the anemia of pellagra and pernicious 
anemia m man it seemed desirable to ascertain the effect of the liver anti- 
pernicious anemia principle on the anemia of canine nicotinic acid defi- 
ciency The solution used for this purpose was a concentrated liver 
extract containing 15 injectable units per cc * Three nicotmic acid deter- 
minations performed bj the method of Dann and Handler (8) revealed 
that this solution contained no more than 1 8 mg per cc of nicotinic acid 
or its amide Five animals, all with hemoglobin concentrations below 
7 5 gm per cent, and with reticulocyte counts below 1 per cent, were each 
given 1 cc of this solution intramuscularly daily for 3 days and blood 
samples w ere drawn e\ cry day for 5 days In no instance did there appear 
any rise m the rcticulocj te count It appears, therefore, that the anemia 
of nicotinic acid deficiency does not result from any inabihty to produce the 
erythrocyte maturation factor of the liver, despite the superficial similanty 
between this state and pernicious anemia 

Hemoglobm, given by vem, has been found to induce a hematopoietic 
response in dogs rendered anenuc by hemorrhage (9) It seemed of interest 
in the present connection to determine whether this phenomenon would 
occur in our animals A solution of dog hemoglobm was prepared from 
washed erythrocytes obtained from normal stock dogs (9) Three dogs 
w'ere each given 10 gm of dog hemoglobin intravenously in divided doses 
each day for 4 days The hemoglobm was a 10 pei cent solution in 0 85 
per cent NaCI Simultaneously adequate amounts of NaHCOa and of 
sodium lactate were incorporated in the basal ration to prevent kidney 
damage from deposition on the tubules One dog was also given similar 
amounts of human hemoglobin under the same conditions ■* A large part 
of the injected dose (60 to 80 per cent) was recovered in the unne as hemo- 
globin and methemoglobin Xo hematopoietic response as judged by 
reticulocyte and total erythiocyte counts was elicited by this procedure 

It has been reported (10, 11) that cobalt salts, given m excess to normal 
animals, induced a polycythemia Since some evidence (12) is available 

* I^ederle Laboratories, Inc , Pear) River, New York 

* Very kindly provided by Dr W R Amberson of the University of Maryland, 
Baltimore 
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which ‘^uggests that the mechanism of this response may involve an in- 
hibition of the respiration of the immature red cells, it was thought of 
interest to determine the effect of cobalt salts in anemia due to nicotinic 
acid deficiencj Three dogs were given 0 05 gm of CoCNOj)* m dnided 
doses, subcutaneousli'-, dailj for 10 days During this period there oc- 
curred an actual dimmution in the number of erjdhrocytes and in the 
hemoglobin concentration with no change in the reticulocyte count, which 
had been Mrtually ml This is m striking contrast wuth the results of 
Mascherpa (11) and with one normal control animal m which the same 
quantity of cobalt elicited an increase of 2 4 gm per cent of hemoglobin 
over the same penod 

Because \anthopterin has recently been implicated as a possible dietary 
factor in erythropoiesis (13), one dog was given 45 mg m three doses over 
3 daj^s ^ The initial red cell count was 3 3 millions, the hemoglobin was 
8 1 gm per cent and the reticulocytes w'ere less than 1 per cent Blood 
samples taken on the 2nd, 4th, and 6th days after the initial dose showed 
no change in the reticulocyte count and the final red cell count was 3 2 
millions, hemoglobin w^as 7 8 gm per cent 

It should bo emphasized that all of the animals m this study that failed 
to respond to iron, amigen, liver extract, hemoglobin, and cobalt were later 
successfully treated with mcotmamide or nicotmic acid An almost equal 
numbei of dogs was studied that died during the course of one or another 
of the unsuccessful forms of therapy reported herein The results obtained 
with these animals have not been included, since there is no a •pnon reason 
to believe that these animals w ould necessarily have responded to nicotmic 
acid eithei This is paiticularly true since it has been demonstrated that 
there are several factors other than the anemia involved in the death of 
animals due to nicotmic acid deficiency m the post blacktongue state (3) 

DISCUSSION 

The anemias of pellagra are usually referred to as “bemg of a secondary 
nature” (1) This anemia m man, like that of the dogs described herem, 
is frequently ixtacivcytic However, there has been no report of the ability 
of nicotmic acid alone to alleviate the pellagrous anemia Unlike the 
anemia of this study, the macrocytic anemia of pellagra is usually associated 
with gastric achlorhydna No report of the potency' of the liver anti- 
permcious anemia factor, in the absence of added nicotmic acid, against 
the anemia of pellagra has yet appeared Nevertheless, from the data 
sented herein it seems likely that the macrocytic anemia associated wit a 
chronic state of pellagra may be specifically due to a deficiency of nicotmic 

The results presented above appear to establish that the anemia obser\ ed 

* Verj kindly provided by Dr W J Darby 
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m tins gliici} IS spocificallj the result of an inadequate dietary supply of 
nicotinic acid Thc} also permit some insight into the mechanism of this 
hematopoietic failure Tlic consistently Ion plasma bihrubm concentra- 
tions are not compatible natli excessive hemolysis as the causative factor 
Tlie decline m hemoglobin concentrations seen in dogs given supplementary 
iron, protein, and glucose eliminates the possibility of anemia as a reflection 
of a generalized iindcmutritional state The negative results obtained 
after hemoglobin administration and the normochromic nature of the eryth- 
roevtesmake it unlikely that a failure of hemoglobin synthesis is involved 

One possibility does remam which appears to be compatible with the 
a\ ailable cv idence Tlie only definitely established biochemical function of 
nicotmic acid is its svmtliesis to the pj'ndme nucleotides and subsequent 
r61e in cell respiration Immature, nucleated eiythrocytes respire and, 
presumably , must utilize the pyndine nucleotides in this respiration Since 
the lifetime of the erythrocyte appears to be very short and the rate of 
tumov er quite rapid, the requirement of nicotinic acid for the demands of 
ery thropoiesis might be correspondingly great Then as the supply of 
mcotmic acid diminishes, anemia might develop owing to lack of cozymase 
m the earliest stages of cell development This situation would be ag- 
grav ated by the fact that the destruction of adult red cells, vvith the libera- 
tion of their nicotmic acid content, occurs in the liver and spleen, so that this 
nicotinic acid is sunendered to the tissues at large and is not available for 
reutilization by' the bone marrow 

The arrest of eiy'thropoiesis at the primitive erythroblast stage observed 
m the histoIogKMl examination of femur marrow seems quite compatible 
with this hypothesis So also are the results of the experiments with cobalt 
If the latter, as has been suggested (12), invokes a polycythemia by in- 
hibiting the respiration of immature red cells at the enucleated but reticu- 
lated stage, then positive results after cobalt admmistration would have 
negated the present hypothesis MTiile the negative results with cobalt 
do not prove the hy pothesis, they are at least compatible with it Expen- 
ments designed to estabhsh the validity of this hy-po thesis in a more positive 
fashion are now in progress 

AVhile the present study has established the need of the erythrocytes for 
nicotmic acid, it is probably no less true that this is a general phenomenon 
Kicotmic acid appears to be required for the grow'th and development of 
all the cells of the mammalian organism and it is the rapid rate of turnover 
of the erythrocytes which has permitted the particular observations of this 
study 


SUMMARY 

Dogs fed three different diets deficient in nicotmic acid have been ob- 
seri ed to develop a profound macrocytic anemia A sharp reticulocy'te 
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response and subsequent elevation of the red cell count and hemoglobin 
concentration were noted after the administration of nicotmic acid and 
mcotmamide The admimstration of iron, protem, glucose, hemoglobin, 
anti-pemicious anemia factor, \anthopterm, and excessive amounts of 
cobalt vas without anj' effect A tentative mechanism for the hemato 
poietic failure is discussed 

The thanks of one of us (P H ) are due to the John and Mary E Markle 
Foundation and the Duke University Research Council for their support 
of this work as veil as to Merck and Company, Inc , of Rahway, New 
Jersey for a supply of the crystaUme vitamins used in this work 
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RccentK Stotz (1) presented a rapid modifieation of the Bessey method 
for the estimation of ascorbic acid in blood and iirme, dependent upon the 
quantitatne e\traction of the unreduced 2,6 dichlorophenol indophenol 
dt 0 from an acid aqueous solution b 3 ’- \y]ene Since most vegetable e\- 
tracts are higlil\ colored or turbid, this procedure offers many advantages 
Most of the common colored compounds are v ater-soluble and do not pass 
into the \tlene later upon extraction, thus m most cases, correction for 
extraneous coloi in the xjlene layer is atoided In those cases m which 
extraneous coloi is taken up by the X3lene, the correction is simple and 
better adapted for i outine procedures than is the v ell knoi\ n Bessey method 
(2) for the direct determination of ascorbic acid in the aqueous phase 
Furthermore, onh one ahquot of the given sample is necessary for the 
determmation of ascoibic acid in the majonty of materials encountered, 
as compared ivuth the three aliquots required by the Bessey method or 
b 3 the more recently proposed procedure of Loeffler and Pontmg (3) 
The d 3 'e need not be standardized nor a cahbration curve constructed 
as in the Morell procedure (4) A veo' important consideration is the 
element of tune In previous procedures galvanometer readmgs must 
be taken inthm 15 seconds after the addition of the dye to eliminate 
reactions inth other reduemg substances (5) In the present method, 
as pomted out by Stotz (1), the transfer of the unreduced dye to the xylene 
la 3 er removes it from the action of these other reducing substances, 
elimmating the necessity for stnet adherence to the time hmit, smee the 
reaction of the dye with ascorbic acid and removal to the xylene layer are 
accomplished withm the 15 second interval Once m the X 3 dene layer the 
dye IS stable for a considerable period of time, if prolonged ex-posure to 
light is avoided 

Highet and West (6) have also described a method m v hich the prmciple 
of the selective solubility of 2 , 6-dichlorophenol indophenol m xylene is 
utilized In the author’s hands, the Stotz procedure gives better results 
and IS preferred for the following reasons much greater amounts of d 3 'e 

* Contribution No 651 of the Rhode Island Agricultural Experiment Station 
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are reduced for am giren amount of ascorbic acid, producing a greater 
deflection of the galvanometer, a simple correction for any exiraneoiis 
color dissohed in the vylene, such as chlorophjll or carotenoids, can be 
made, the dje need not be standardized or a calibration cune be con 
structed Another advantage of the proposed method is that if the amount 
of dj e added is msuflScient for the quantity of ascorbic acid contained in 
the ahquot more dye can be added mthout decreasing the accuracy of the 
procedure 

An analj’^st and an assistant can determme the ascorbic acid in 60 to 70 
samples m a regular v orking da 3 ’', mcludmg sampling and e\-traction 
Reagent and Apparatus — 

The reagents and apparatus required are essentiall} the same as speci- 
fied by Stotz (1) but inll be repeated here for comemence 
A photoelectnc colorimeter mth a filter transmittmg at 500 m^ In 
the vork described, a Coleman universal spectrophotometer was used 
Wanng blendor It uas found to be very comement to have extra 
glass containers for tv o motor bases This greatl}^ increased the speed of 
extraction, smce the extra heads could be v ashed and dned vhile others 
vrere in operation 

40 ml heavy duty centnfuge tubes hsnng a lip and fitted inth rubber 
stoppers It was found advisable to soften the stoppers by boilmg them 
m sodium h 3 'droxide so that they fitted the tube easil 3 ' 

1 0 per cent metaphosphonc acid This solution vas made fresh eieo' 
mormng but if kept in a refngerator it is satisfactory for 3 oi 4 da 3 S 
2,6-Dichlorophenol mdophenol 12 mg of the d 3 e vere dissolved in 
200 ml of varm distilled rrater, cooled, and filtered The reagent is good 
for 10 days if stored in the refngerator and protected from hght vhen not 
m use 

0 8 E sodium hydroxide Dissolve 32 gm of sodium h 3 droxide m 1 liter 
of distilled vater 

Phosphate-citrate buffer, pH 4 0 Mix 100 ml of 0 I N citric acid (1 9 
gm per 100 ml ) and 60 ml of 0 2 n disodium phosphate (3 56 gm per 
100 ml ) It vas found convement to add the disodium phosphate to t e 
citnc acid and to adjust the pH with the aid of a Beckman pH meter 
Brom-cresol green, 0 04 per cent Add 14 3 ml of 0 01 x 
droxide to 0 1 gm of bi om-cresol green and make to a i olume of 250 m 
vith distilled water 
Xylene, cp 

Procedure 

A wei#it of from 30 to 50 gm of fresh tissue is taken as a 
large quantit 3 must be used m order to gne a representative -a 
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because of tlic vanation m tlio ascorbic acid content of individual plants 
Tlie sample is homogenized in 200 ml of 1 0 pei cent metapbosphonc 
acid (3, 7) for 2 minutes in the Waring blendor For dehj drated vegetables 
5 to 10 gm arc sufficient If the matcnal is evtremeh hard, a preliminary 
soaking for 15 to 30 minutes in the metaphosphoiic acid is advisable 

The extract is filtered through a rapid filter papei, and the first portion 
of the filtrate, nliich mil usuallj be cloudy, is discarded Subsequent 
portions Mill be clear unless considerable starch is present, as in com 
extracts \ portion of the filtrate contaimng fiom 0 01 to 0 10 mg of 
ascorbic acid (usually I ml is sufficient) is pipetted into the centrifuge 
tubes This range of concentrations is not particulaih critical, as excel- 
lent results haxe been obtained with samples as low as 0 004 mg and as 
high as 0 18 mg of ascorbic acid 

2 drops of brom-cresol green are added and 0 08 x sodium hj dioxide is 
added dropwase until the indicator becomes green Under the specified 
conditions, 1 or 2 drops suffice 1 ml of the buffer tpH 4) is then added 
and the tube swirled to mux the contents Exacth 2 ml of the dye are 
added from a rapid delivei^’’ pipette and again the tube is swirled If 2 
ml are insufficient, as indicated by the complete decolorization of the dye, 
another 2 ml portion of the dye can be added without affecting the ac- 
curacy of the results, but the proper correction must be made m the cal- 
culations 

10 ml of X3dene are now added with a pipette and as rapidly as possible 
in order to stay within the required 15 second tune limit The tube is 
securely stoppered and shaken moderately for 10 seconds The complete 
procedure from the addition of the dye through the shaking period can be 
accomplished without undue haste m 15 to 20 seconds 

The tube is centnfuged for 5 mmutes at a medium speed to complete the 
separation of the layers After this treatment, the unreduced dye m the 
xylene layer will remam unchanged for several hours The xylene is 
decanted into a cuvette, and with the galvanometer set at 100 with only 
xjlene m the solvent tube, at a wave-length of 500 m/i, the deflection of the 
galvanometer due to the dissolved dye is noted and designated as G, 

The control tube, which is a measure of the total dye added, is earned 
along with each daily run of analyses with the same dye solution It is 
prepared by addmg 1 ml of buffer, 2 drops of indicator, and 2 ml of dye 
to a centrifuge tube and extractmg with xylene, as described above It 
was found advisable to determine the control value (Gc) m duplicate and 
to use the average value m order to mmimize any variations due to the 
individual cuvettes 

However, if care is taken, the duplicate control values will vary by 
less than 0 2 of a galvanometer division 
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Tile concentration of tlie ascorbic acid is easily calculated, for Beer’s Ian 
IS obejed, .os nas sIiomti bj Mmdlm and Butler (8) and Bessey (2) 

Cl = K (log G, - log Gc) (I) 

The % alue of C is a concentration factor and is usually determined as mg 
of Tscoibic acid pei ml of the final volume nhich, in this case, is 10 ml 
of xylene 

The nig of ascorbic acid in the aliquot taken is then expressed by 

C, = lOA' (log G. - log Gc) (11) 

since the dye ls dissoh ed in 10 ml of xjdene 
Once the value toi K is determined, it is constant for the same instru- 
ment and cuvette- The v alue foi K is ascertained bj’’ carrying knoini 
amounts of ascoibic acid thiough the descnbed procedure and calculating A 
from Equation II If 4 mi of dye are used foi some of the samples of the 
series, the v alue ihen becomes log Gc = log — log 2 because of the 

logarithmic ielation«hip involved as tmce the depth of color is produced 
This relationship holds exactly nhen the Coleman universal spectrophoto 
meter i« used Honeiei, mth less precise instruments, experience has 
shonn that this lelationship is less exact and that the value for Gc nhen 
tn ice the x olume ot dv e is used must be determined experimentally 
Since C j is the concentration of ascorbic acid in the aliquot taken, this 
value must be multiplied by the proper dilution factor to give the ml of 
ascorbic acid in the sample The quantity of n ater m the fresh sample 
cannot be neglected Therefore, the final volume is the 200 ml of meta 
phosphonc acid plus the nater contained in the sample The equation 
foi the final calculation of the ascorbic acid content of the vegetable 
materia! as mg pei cent for an ml aliquot is 

Mg % ascorbic acid 

_ (C )(200 + % Hater in sample X n eight of aamplej ^p^j 
weight of sample 

^Vhen othei coloied substances soluble m xylene are present m the ex 
tract, the follomng modification ivill correct for the extraneous co or 
Pipette a second aliquot into a centrifuge tube, and proceed as previou y 
descnbed, vnthout adding any dye This will brmg the 
pigments into the xjlene layer Tno methods are available m or er 
conect foi this extianeous color The simplest procedure is to se 
galvanometer at 100 mth the descnbed xylene extract m the solven 
instead of pure xylene and determme G, as before By tins means 
galvanometer reading is automaticall 3 ' corrected for the ex-traneous 
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present m the simple This procedure norks ven nell when the con- 
centntion of the o\lrineous coloi is not verj' great, t c , the galvanometer 
need not be deflected too far horn the normal position to compensate 
for the \j lene-soluble pigments 

Ho\ic\er, if the depth of color caused bj' the interfeiing pigments is 
too great, a considerable loss in precision is produced by the too great 
displacement of the gahanometer scale To maintain the desired pre- 
cision, the gahanometer is set at 100 nith pure xjlene and galvanometer 
deflection caused by the interfering substances (ff,) is determined 

Then 

Log 100 — log <7, =■ 2 — log Gf, ■= A (IV) 

where A is the measure of the deflection caused b)' the interfering pigments 
Therefore, log (?, -h rf is the corrected reading and is a function of the dis- 
solved dj c alone Accordinglj , for such solutions 

Cl ■= lOA. (log G, + A — log G,) (V) 

When a greater over-all accuracj is desired, it is advisable to make 
the plant extract up to a given volume (250 ml ), so that the dilution 
factor IS known more precisely than by the use of Equation III 

EXPERIMENTAL 

Stotz (1) has demonstrated the quantitative extraction of the non- 
reduced dye from acid solutions by xylene and the fact that the xylene 
solution of the dye follows Beer’s law This author also found agreement 
between Bessey’s method and the xylene method for a number of blood 
samples 

In this laboratory, the method was further tested for its accuiacy and 
applicability in five ways IVhen the same spectrophotometer and cu- 
vettes are used, the value of K expressed as mg of ascorbic acid per ml 
should be the same, whether Bessey’s method or the present method is 
used This w as confirmed experimentally K deteimmed b5^ the present 
method was 0 0226, while K found by Bessey’s method was 0 0233, which 
is excellent agreement The recoveries of pure ascorbic acid are given 
in Table I The values are the averages of four deteimmations 

Table II presents a senes of recovenes of ascorbic acid added to a 
number of vegetable extracts The values w ere chosen so as to cover the 
range of applicability of the method The vegetable extracts listed were 
used because of the vanous colonng matenals present, includmg both water- 
soluble and xylene-soluble pigments 

In order to mdicate the depth of color caused bj extraneous pigments in 
the plant extracts given in the table, the A values are also listed in Table 
II These values are loganthmic as mdicated m Equation IV and are 



Table I 

Recoveries of Pure Ascorbic Acid 


Taken 

Found 

ms 

mg 

Per cent 

0 020 



0 030 


106 0 

0 040 


102 5 

0 050 

0 055 


0 060 

0 062 


Average 

104 5 


Table II 


Recovery of Ascorbic i-cidfrom Various Plant Extracts by Modified Stotz Procedure 



Present 

Added 

Total 

1 Found 


mg 

mg 

mg 

mg 

per cent 

Green pepper 

0 040 

0 010 

0 050 

0 050 

100 0 



0 020 

0 060 

0 057 

95 0 



0 020 

0 060 

0 058 

96 7 



0 030 

0 070 

0 068 

97 1 



0 040 

0 080 

0 080 

100 0 

(r (f 

0 038 

0 020 

0 058 

0 057 

98 3 



0 050 

0 088 

0 081 

92 0 

Beet root 

0 020 

0 010 


0 031 

103 3 



0 020 

0 040 

0 037 

92 5 

(( U 

0 010 

0 010 

0 020 

0 023 

115 0 



0 020 

0 030 

0 032 

106 7 



0 030 

0 040 

0 040 

100 0 

“ top 

0 003 

0 020 

0 023 

0 024 

104 3 



0 040 

0 043 

0 043 

100 0 



0 060 

0 063 

0 068 

107 9 

Spinach (A, 0 4389)* 

0 099 

0 020 

0 119 

0 123 

103 4 



0 040 

0 134 

0 128 

95 5 

“ (“ 0 0731)* 

0 015 

0 021 

0 036 

0 037 

102 8 



0 046 

0 061 

0 058 

95 1 



0 063 

0 078 

0 080 

102 6 

Grape juice 

0 014 

0 008 

0 022 

0 017 

77 2 



0 024 

0 038 

0 032 

84 2 



0 040 

0 054 

0 OoO 

92 6 

Tomato juice filtrate (A, 0 0315)* 

0 011 

0 011 

0 022 

0 022 

100 0 


0 033 

0 044 

0 044 

100 0 



0 055 

0 066 

0 066 

100 0 

Orange pulp 

0 046 

0 011 

0 057 

0 058 

101 8 


0 033 

0 079 

0 079 

100 0 



0 055 

0 101 

0 100 

99 0 

Ascorbic acid 

0 013 


0 013 

0 013 

100 0 

Same + added chlorophyll (A, 

0 032 


0 032 

0 035 

109 4 

0 06o0)’ 



1 




Average recovery 

99 1 


• The value for A is proportional to the depth of the extraneous xjlene soluble 


pigment 
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directlj proportional to the amount of xylene-soluble pigment present 
The last tuo entries m Table II represent pure ascorbic acid solutions to 
M Inch chloropln 11 has been added As indicated m Table II, the recoi enes 
arc quantitatne The aaerage recovery for all thirty-one samples is 99 1 
per cent 

A comparison of the ascorbic acid content of a senes of plant extracts 
as determined bj the Bessey method and the proposed procedure is pre- 
sented in Table III The values are mg of ascorbic acid per ml of extract 
and the results indicate the accuracy of the descnbed procedure as com- 
pared to an established and proved method 

The fifth method of testing the described procedure consisted m determm- 
ing the ascorbic acid content of standard samples These samples had 
been assaj ed collaborativelj' b 3 ' a variety of different methods, including 


Table III 

Compartaon of Bessey and Proposed Methods 


Extract 

Ascorbic acid per ml extract 

Bcsse> 

Modided Stotz 


mg 

mg 

Pepper 

0 029 

0 028 

Celerv 

0 019 

0 017 

Cabbage 

0 024* 

0 018 

Tomato 

0 034 

0 030 

Grape juice 

0 008 

0 009 


• The higher value is probablj caused bj other reducing substances, as indicated 
bj rapid dnft of the galvanometer The correction suggested by Bessej n as applied 
but probabh did not completely compensate for these other reducing substances in 
this particular case 

titrimetnc and colonmetnc procedures For a sample of carrots, m this 
laboratorj a value of 2 46 mg per cent vas obtained, vhich deviated from 
the mean value obtained m the other laboratories by 2 5 per cent * A 
sample of com which assaj^ed 10 08 mg per cent m this laboratorj' deiuated 
only 0 5 per cent from the reported mean ‘ A third sample of peas which 
assaj ed 3 95 mg pei cent was 7 per cent higher than the a\ erage i alue 
reported ' A standard sample of tomato paste prepared bj' Dr Agnes Fav 
Morgan^ assayed 57 mg per cent The values reported bj Dr Morgan, 
which were likewise determined by a variety of methods, were 61 to 67 
mg per cent 

1 Unpublished data 

•Dr Agnes Fay Morgan, Head, Division of Home Economics, l/niiersitj of 
California 
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SUMMARY 

Ad adaptation of Stotz’s method for ascorbic acid m blood and urine 
IS descnbed for the rapid determination of ascorbic acid in plant materials 
The method depends upon the selective solubihty in \-j lene of non-reduced 
2,6-dichlorophenol mdophenol from acid solutions Two piocedures are 
presented to correct for extraneous \ylene-soluble pigments contained 
m certain plant extracts The method is applicable to all plant matenal 
tried, whether fresh, frozen, or dehydrated Because of its sunphcitjs 
the procedure is particularly suitable for routine analyses, for 60 to 70 
determinations can be made durmg a uorkmg da\ The method is espe 
ciallj' useful for highly colored or turbid extracts 
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THE TURNOVER OF FATTY ACIDS IN THE CONGENITALLY 

OBESE MOUSE* 

JUAV S-VLCEDO, Jr ,t and DeWITT STETTEN, Jr 

(From the Department of Btocheimstry, College of Physicians and Surgeons, Columbia 

Umiersity, Acic i ork) 

CReccned for publication, September 22, 1943) 

In the obese 'inimal the chief alteration in chemical composition is the 
inciease in the mass of depot fat With the advent of the isotope technique 
it became possible to measure the rate at which the fatty acids of the bodj 
fat w ere bemg replaced, w hile the quantit\ of fat remamed constant Such 
studies haie now been repeatedly'' earned out on normal mice (1-4) and 
it was considered of inteiest to compare the data so obtained with eorres- 
ponding data from obese mice 

Two methods of attack are available In the one procedure an enrich- 
ment with respect to heai j w ater is established and mamtamed m the body 
fluids of animals, and the rate at which deutenum is mcorporated in the 
fatti acids of the bod\ is studied In the other procedure, the fats of the 
body are, b\ feedmg deuterio fatty acids, mitially ennehed with fatty- 
acids tagged with deutenum and the subsequent rate of decrease m isotope 
concentration in the fatU acids of the body is determmed As both 
methods give sensibh the same answer in the normal mouse at constant 
weight (1), we haie employed the latter, more economical procedure in 
the study of the rate of turnover of fatty acids m the body fat of obese mice 

EXPERIMENTAL 

Four female mice from a congemtally obese stram mamtamed at Cold 
Spring Harbor w ere kmdh placed at our disposal by Dr E C MacDowell ‘ 
These anunals were about 9 months old and weighed 36 to 48 gm They 
were placed on a diet of dned bread-crumbs until they had achieied con- 
stant w eight 

Ethyl esters of the liquid fatty acids of a sample of Imseed oil were shaken 

* This work was carried out wath the aid of a grant from the Josiah Macy, Jr , 
Foundation 

t Fellow of the tJniversitj of the Philippines, 1941-44 This report is from a thesis 
submitted by Juan Salcedo, Jr , m partial fulfilment of the requirements for the 
degree of Master of Arts in the Faculty of Pure Science, Columbia Umversity 

* We have been informed by Dr MacDowell that this strain of mice, known to 
fanciers as CHS silver, is the same as that employed by Benedict and Lee (6) m their 
study of the relation of body size to metabolic rate This strain also carries a re 
cessive gene for dwarfism 
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in the presence of platinum cataij'st (6) m an atmosphere of deutenum 
until no fui ther uptake of gas occurred (7) The saturated deuteno fatt} 
acid ethj 1 esters were purified by vacuum distillation Deutenum, 10 0 
±02 atom per cent e\cess 

For a 5 day period the mice were offered ad hbitum a diet of 92 5 per cent 
bread-crumbs and 7 5 per cent deuteno fatty acid etlyd esters One mouse 
was then killed, and the sumvors placed on a biead-crumb diet, and killed 
at 3 daj'’ intervals During the evperimental period u eight gams of 1 to 2 
gm occurred Samples of bodj' water were obtained from each animal 
for deutenum analysis (8) The bodies, after removal of the gastrom 
testinal tracts, were treated with alcoholic KOH and the fattj acids iso 
lated in the usual fashion (8) These fatty acids w ere anal) zed for deu 
tenum (9) 

Table I 

Deutenum Content of Total Body Fatty Acids and Body II ater 
Four congenitally obese mice ii ere fed for 5 daj s a diet containing 7 5 per cent of 
deuteno fatty acid ethyl esters, D = 10 0 atom per cent e\ccss One animal ms 
then killed and the survivors placed on a diet of dried bread crumbs, and killed at 
intervals thereafter 


Bays «lapsed 
after fat feeding 

Body weight 

Total bodj fatty acids 

Body water B 

Weight 

Weight 

1 


gm 

gm 

fer cent 
body vaght 

mmm 

[ cion fer (tnt 

0 

50 

mmm 

39 4 


0 osc 

3 

48 


41 3 



6 

42 


39 5 

mSESM 


9 

42 

17 0 

40 5 

WBm 

■■ 


DISCUSSION 

As will be seen from the data m Table I, the mice were trulj obese and 
quite umformly so The percentage of fatty acids m their bodies was 
39 to 41 This value is about 3 to 4 times as high as is usuallj obsen'ed in 
mice 

Dunng the 5 day period while deuteno fatty acids were present in the 
diet, each mouse consumed on the average 16 4 gm of food, containing 
1 23 gm of fattj acid ethjd ester From a compaiison of the deutenum 
concentrations in the matenal fed and in the bodj fattj acids of the 
animal lolled, it maj" be calculated that about SO per cent of the labeled 
fattj acids consumed was deposited The remainder mai be presunae 
to have been burned, contnbutmg D.O to the body water This distnbu- 
tion of labeled dietarj fatty acids is perfectly normal and m 
agreement wath the results obtained bj Schoenheimer and Eittcnberg ( 1 
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in parallel c\penments on normal mice The finding suggests that the 
obesity of our animals Mas not due to any tendency to deposit an ab- 
normallj hrge fraction of the dietarj fatty acids 
In order to bring out the difference m the rates of turnover of bod}’- 
fatt}' acids in normal and obese animals, rse have plotted our data, selectmg 
as ordinates the function In (io/i), where lo is the isotope concentration at 
time to, and t the isotope concentration at tune i thereafter On the same 
coordinates w e have also plotted the data obtamed by Schoenheimer and 
Eattenberg (1) on normal mice The apparent first order velocity constant 
for the reaction is, m each case, the slope of the best straight Ime These 
hnes ha\ e been calculated by the method of least squares 



0 3 Ja/j d 9 


Fig 1 The rates of disappearance of deutenum from the body fatty acids of 
normal and obese mice after discontinuation of feeding of deuterio fatty acid ethyl 
esters 

It is obvious from Fig 1 that the rate of decrease of isotope concentra- 
tion m the fatty acids of the bodies of the obese animals is much less 
than that of the normal rmce The half tune of this reaction m normal 
mice on a diet of bread-crumbs has pre-viously been estimated as 5 to 9 daj s 
(2), and more recently, on a synthetic diet, as 5 to 6 days (4) In the obese 
animals, the half tune of this reaction is obviously much greater, though 
not sufficient data are at hand to make a precise estimate of its value 
From this it may be concluded that the mere presence of an excessiie 
amount of depot fat does not serve as a stimulus to mcreased catabolism 
of fatty acids On the contrarj^ the obese animals -nere bunung rather 
less than normal quantities of depot fatty acids daily, despite the relativelv 
huge mass of the depots Because of these findmgs, we regard it as a 
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plausible assumption to attnbute the obesity to a restnction of the rate 
of fatty acid oxidation 


SmiAIARl 

Four adult congemtally obese mice were fed for 5 days a diet of bread- 
crumbs to ivhich deuteno fatty acid ethyl esters were added The ani- 
mals were killed 0, 3, 6, and 9 days after the administration of isotopic 
fatty acids had been discontmued Body water and total body fatty 
acids were analyzed for deutenum 

From a companson of the data obtamed with similar data obtained by 
others on normal animals, it is concluded that the proportion of dietary 
fattj’’ acids directly stored m the depots of these obese mice is normal 
The turnover of depot fatty acids, however, is considerably slower than 
m normal animals and the obesity is accordingly attributed to the retarded 
catabohsm of the depot fatty acids 
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SULFANIL\]MIDE ACETYLATION AS INFLUENCED BY 
VARIOUS CHEMICALS AND BY VITAJMIN 
DEFICIENCIES 

Br GUSTAV J MARTIN and E H RENNEBAUM 
(from ihc IFomcr InsUluie for Thcrapcultc Research, New York) 

(Rcceiied /or publication, August 18, 1943) 

Acet 3 'lation has long been known as a metabolic detoxication reaction 
(1, 2) The term, detoxication is applied incorrectly to the acetylation of 
Eulfanilamide, as acetylsulfamlatnide (3) has been demonstrated to be 
more toxic than the free drug The logic of inhibitmg acetylation m the 
clinical application of the sulfonamides has been established by reports 
of three tj^ies Marshall el al (3) obsennd increased toxicity of the 
acetjdated form Urolithiasis (4) is generally associated with the acety- 
lated forms of the drugs FmaUy, acetylsulfanilamide is much less effec- 
tive as a chemotherapeutic agent than is the free chemical (5) 

Metabohc acetjdation has been studied for aromatic amines (6, 7), sulf- 
anilamide (3), phenylammobutync acid (8, 9), and numerous other com- 
pounds The problem of acetylation associated yuth the use of sulfon- 
amides in clinical practice has two basic approaches (a) that of decreasmg 
acetylation by the ehmmation of chemical agents tendmg to mcrease it, 
e ff pyruvate, and (b) that of decreasmg acetylation by addmg agents 
capable of blocking acetylation by forcmg detoxication mechanismB through 
other channels 

EXFERIMENTAr. 

Rats were mamtamed on the McCollum stock diet and when used 
w'eighed approximately 200 gm All matenals were given orally with one 
exception, in which a highly punfied pyruvic acid w’as administered mtra- 
pentoneally The blood samples taken at varymg intervals were obtamed 
bj' decapitation of the rat In the case of vitamm-deficient rats, the 
dietaiy regimen was that presented previously (10), from which the 
vitamm under consideration was omitted The rats were placed on the 
diet when weaned and were used for acetylation studies before food con- 
sumption w'as matenaUy decreased 

By the technique of Bratton and Marshall (11) for the determmation of 
sulfanilamide, free and combmed* sulfanilamide was determmed m the 

'The terms “combined” or “conjugated sulfamlamide” and “acetj Isulfanila- 
mide” are used interchangeably throughout this report to indicate the increase in the 
values for sulfanilamide obtained after the hjdroljsis in the method of Bratton and 
Marshall (11) 
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blood of rats following dosages of sulfamlanude with and without the 
concomitant administration of vanous chemicals 
Glucuromc acid, as used m this mvestigation and previously (12, 13), 
was in the fonn of its calcium salt and had been prepared by the hjdrolj'ss 
of gum arable This product is impure and contains onlj'' about 6 per 
cent free glucuromc acid It will be referred to as crude calcium glucu- 
ronate Pure glucurone was prepared from ammomum menthyl glucu 
ronate by the method of Wilbams (14) with rabbits The rabbits used 
should be frequently changed, smee the kidneys ehmmate albumm which 
compheates the isolation This matenal, which is 100 per cent glucurone 
(referred to throughout this commumcation as glucurone), was used as 
the standard for the detenmnation of glucuronic acid excretion The 
yield of glucurone could be mcreased by raismg the amount of ammonium 
sulfate used m the precipitation of the ammomum menth 3 d glucuronate 
The glucuromc acid content of the vanous products used was deter- 
mmed by the use of naphthoresoremol accordmg to the technique of 
Evelyn (15) 

As pomted out by Buedmg,= limited accuracy is achieved m applying 
the naphthoresoremol method for glucuromc acid to a hydrolysate obtamed 
from gum arabic Some substances (glucose, etc ) completely inhibit the 
deielopment of the color, others (mucic acid, etc ) increase the color de 
veloped The conta min ating agents m the gum arabic h 3 'drol 3 'safe vould 
all tend to inhibit the development of the color, therefore, pending the 
de\ elopment of improved methods it is difficult to arm e at an estimation 
of the glucuromc acid content of the product used 
We have noted that certam rats m any given senes seem to be mcapable 
of acetydating sulfanilamide This fact frequently compheates the inter 
pretation of a set of determinations The failure of some rat hvers to 
acet 3 date sulfanilamide vas reported in the m mtro studies of Klem and 
Hams (16) We are now mvestigatmg the hver function of those rate 
which failed to conjugate sulfanilamide m our studies in vivo The added 
uncontrollable factor of mdimdual lanation makes it necessary to use 
large numbers of rats m an 3 '' gn en senes It also seems to mdicate t 
the failure of dogs to acetylate sulfanilamide may be a positive mechanism 
m the sense of inhibition rather than a negative mechanism in tte s^se 
of a lack of enz 3 Tne or other factor necessary for the reaction Tun er 
more, exceptional susceptibihty' to ordmanly non-toxic doses of su am 
amide m rats and mice may be associated with this phenomenon 

Results 

Sodium Acetate — The simultaneous administration of 
with sulfamlanude reduced the degree of acetylation m the xa 

> Bueding E , personal conununication 
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R ore used in the experiment Each value m Table I represents an average 
for four sets of four rats each Equal volumes of blood from each of four 
rats were pooled and an analj^is run on the pooled sample The degree 
of inhibition is mdicated by the fact that the acetylation is reduced by 
39 per cent 

Glucuronic Acid — ^Pure glucurone did not inhibit the acetylation of sulf- 
anilamide to the extent that the crude calcium glucuronate did (13) This 
may be due to the fact that other agents, e g acetate, inhibit acetylation 
and might very veil be present m the crude product It is to be noted 
that m the rabbit, monkey, and human there was no correspondmg inhibi- 
tion of acet 3 dation such as is produced by glucurone m the rat 144 rats 
were used in this studj-^ (Table II), and the average reduction m acetyla- 
tion produced bj’’ glucurone was 20 per cent 


Table I 

Effect of Sodium Acetate on Acetylation of Sulfanilamide (S Gm -per Kilo) tn the Rat 
Each value equals the average for four sets of four rats each 


Sodium acetate dosage 

With acetate 

Control 

Decreased by 

tm ferit 

p^r c<nt 

cent 

per cent 

4 

S 07 

11 08 

54 

8 

6 87 

14 88 

63 

1 6 

6 44 

13 8 

49 

2 

5 0 

10 62 

53 

1 6 

6 6 

8 13 

18 

2 

2 7 

6 74 

60 

2 

7 36 

7 79 

5 

2 

6 76 

9 28 

27 

Average 

5 85 

10 3 

39 9 

1 


Sodium Pyruvate — Sodium pyruvate greatly mcreased the acetylation 
of sulfanilamide, the average value of such increase being in excess of 300 
per cent No other chemical approached this value, although acetom 
was active In Table III the results obtamed r ith pyruvate and various 
other chemical agents are listed Alanme, dihydroxj acetone, sodium oxal- 
acetate, calcium glycerophosphate, sodium 1-malate, glycerol, dl-galactu- 
ronic acid, and glyeohc acid were all negative, having no effect on acetyla- 
tion Adenylic acid seemed to inhibit acetylation to a shght degree but 
adenosme triphosphate appeared to faeditate acetylation Owing to the 
difficulty of obtaming adenosme triphosphate, it Ras possible to run only 
four rats m this experimental group, but mdmdual analj^ses Rere made 
Glycme, sodium sucemate, sodium acetoacetate, ascorbic acid, and cysteme 
shghtly facihtated acetylation Dextrose defimtely mcreased acetylation 
Under our experimental conditions neither adrenahn nor insuhn had an 
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effect of increasing acetylation Qmnme bisulfite was also negative in its 
effect 

Vitamin Deficiency States — ^Eighteen pyndoxine-deficient, thirty-five 
pantothenic acid-deficient, fifteen thiamine-deficient, and tnent 3 >'-fiieribo- 
flavin-deficient rats were used in this expenment The control set shoved 
an acetylation value of 9 5 per cent In the pyridomie- and calcium 
pantothenate deficient animals acetylation was normal, shomng average 
values of 9 2 and 9 7 per cent, respectively The nbofllai'm- and thiamme 


Table II 

Effect of Gluctirone on Aeelylalton of Sulfanilamide (S Gm per Kilo) in Rats 



Gfucurooe dosage 

Per cent of total acetj 

i 

Controb, 

sulfaDilamtde 

Same suUaQthmtde 
dosage + filucufOBfi 

Rats* 

gm per kg 

2 0 

4 16 

5 42 


2 0 

8 39 

2 09 


1 7 

14 2 

11 5 


1 0 

7 9 

6 9 

1 

1 0 

9 S 

5 5 


1 0 

3 8 

5 S 

1 

2 0 

3 4 

2 8 


0 S 

1 3 

4 C 


1 0 

3 0 

0 6 

Average 


6 25 

S 02 

Rabbits 

20 

52 7 

SSB 

Monkej 

2 0 

27 1 


Humant 

50 grains each sulfanilamide 

18 5 



and Ca glucuronate 


■■ 


• Each value equals the average for four sets of four rats each 
t Goldfarb W , and Martin, G J , unpublished data 


deficient lats vere defective m their abilit} to acetjdate sulfanilanndc, 
shoving lalues of 5 6 and 5 8 per cent respective!}’' The animals veie 
used in these axpenmente before food consumption had been reduced m 
order that this factoi could be eliminated 

As all blood samples throughout the studj vere 6 hour samples, set era 
senes V ere used to determine the point of attainment of maximum acetyla- 
tion, and it V as found that at 6 hours after treatment the degree of acetj la- 
tion or per cent of the total acet}dated had reached a maximum Furt er, 
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Tabue III 

Effect of Various Other Chemicals on Acctijlation of Sulfanilamidc{g Gm per Kilo) 


Each ^ aluc equals the average for four sets of four rats each 


Chemicals 

Dosage 

Per cent conjuga 
tion of 

total with chemical 

' Control value 
suUanihmide alone 

Alanine 

tm ptr kt 

2 0 

4 4 

per cent 

3 7 


2 0 

8 4 

9 1 

Gljcinc 

2 0 

12 0 

7 7 

«( 

1 4 0 

10 7 

2 8 

*5odium pyruvate 

I 2 0 

6 8 

3 1 

(( (1 

; 2 0 

22 1 

11 7 

l( II 

2 0 

29 8 

7 8 

II <1 

2 0 

40 4 

7 6 

If II 

2 0 

21 2 

6 1 

U II 

2 0 

23 8 

7 2 

Eihydrojij acetone 

2 0 

9 76 

8 62 

II 

, 2 0 

5 13 

7 66 

Sodium lactate 

2 0 

3 46 

4 76 

II 11 

2 0 

3 29 1 

5 98 

II If 

2 0 

3 43 

3 61 

“ oxalacetate 

1 1 0 

4 26 

4 46 

11 II 

1 0 

2 12 

2 8 

Calcium glycerophosphate 

4 0 

11 25 

9 85 

If 11 

4 0 

6 06 

2 8 

If II 

4 0 1 

5 9 

5 9 

Sodium succinate 

2 0 

10 8 

2 8 

If If 

2 0 

3 6 

3 3 

ft If 

2 0 

8 4 

4 S 

It 11 

2 0 

6 6 

6 6 

“ malate 

2 0 

4 55 

5 55 

If ff 

2 0 

5 16 

1 44 

ff ff 

4 0 

6 6 

8 08 

II If 1 

8 0 ' 

8 8 

6 5 

Glj cerol 

8 0 

8 34 

7 7 

Glycolic acid 

1 0 

7 3 

7 2 

Sodium acetoacetate 

1 6 

11 6 

7 7 

ff If 

2 0 

6 7 

7 7 

Dextrose 

1 6 

13 8 

7 7 

dl-Galacturomo acid 

2 0 

11 3 

10 6 

fl II 

2 0 

8 5 

6 3 

Ascorbic acid 

2 0 

14 6 

7 7 

Adenylic “ 

ff If 

0 5 

0 5 

4 1 

2 9 

5 8 

3 55 

fl If 

0 5 

4 5 

7 48 

Adenosine triphosphate 

0 5 

15 3 

6 4 

Quinine bisulfite 

0 25 

3 3 

7 4 







Table III — Concluded 


Chemicals 

Dosage 

Per cent conjuga 
tion of 

total with chemical 

Control value, 
sulfanilamide alone 

Cysteine 

$m per kg 

2 0 

14 8 

Per sent 

1 7 

Acetoin 

2 0 

8 6 

C 2 

it 

2 0 

9 1 ! 

4 95 

Adrenalin 

mg Per kg 

2 5 

6 9 

7 4 

(f 

2 5 

3 1 

8 1 

Insulin 

siBi/ per U gm 

i 

i 

3 4 

7 4 

li 

X 

« 

2 9 

8 1 


Table IV 


Determination of Sulfanilamide in Blood and Vnne of Bats 
All values are given in mg per 100 0 cc of blood The dose of sulfanilamide = 
'v20rag pergm of body weight 


Group No 
rats in each) 

j Total 

sulfanila^de j 

I Free Conjugated 

sulfanilamide sulfanilamide 

Blood (6 hr sample) 

Per cent conju 
gaUon of total 

j Volume 






<c 

1 

19 5 

18 0 

1 5 

7 7 


2 

14 4 

12 8 

1 6 

11 1 


3 

17 2 

15 1 

2 1 

12 2 


4 

24 0 

22 5 

1 5 

6 2 


5 

14 1 

13 9 

0 2 

1 4 


6 

le 8 

15 1 

1 7 

10 1 


7 

23 3 

21 9 

1 4 

6 0 


8 

16 7 

16 7 

0 0 

0 0 


9 

20 2 

19 3 

0 9 

4 4 


10 

5 4 

4 4 

1 0 

18 7 


Average 

7 78 



Total sulfanilamide in 

urine (24 hr sample) 


1 

72 7 

71 5 

1 2 

I 66 

20 0 

2 

41 0 

41 0 

0 0 

0 00 

13 0 

3 

51 6 

51 0 

0 5 

0 97 

16 0 

4 

112 0 

110 0 

2 0 

1 78 

37 5 

5 

22 8 

22 4 

0 4 

1 75 

6 6 

0 

32 8 

32 5 

0 3 

0 91 

10 5 

7 

32 8 

32 8 

0 0 

0 00 

12 0 

s 

12 2 

11 8 

0 4 

3 27 

8 0 

9 

35 6 

35 4 

0 2 

5 60 

16 5 

10 

14 2 

12 5 

1 7 

[ 

12 00 

6 0 

Average 

2 80 
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as Ratish’ has found no correlation between blood and urine levels of 
acetj lation, a set was run to determine this in rats Table IV presents the 
.^^ults Table R'' shows that even when rat groups are used as their own 
controls, there is no correlation between blood and unne values for acetyla- 
tion The ^ alues are expressed in terms of per cent of the total sulfanil- 
amide acetjdated in 6 hour blood samples and 24 hour unne samples 

DISCUSSION 

Acetjdation probably depends directly upon the formation and concen- 
tration of acetyl phosphate Lipmann (17, 18) has suggested that all 
acetylation processes depend upon the formation of this compound Our 
endence supports this contention, as pjnnivic acid, the oxidation of which 
produces the active acetyl or acetyl phosphate, mcreases acetylation, while 
acetate itself inhibits Acetate does not provide the acetyl radical except 
through alteration produced m the course of metabohsm Acetylation 
reactions do not occur if acetate is the substrate (18) These observations 
check exactly our results on the acetylation of sulfanilamide Pyruvate 
oxidation increases markedly the degree of acetylation, acetate oxidation 
decreases the degree of acetylation No 2 carbon umts tned exerted the 
same marked effect on acetylation as did pyruvic acid Glycohc acid has 
httle effect, actually of about the same order as acetate Thus, any acetyl- 
ation process such as the acetylation of sulfanilamide depends upon the 
sj stem phosphopyruvic acid to pyruvic acid to acetyl phosphate There- 
fore, any process decreasing the acetyl group potential should decrease 
the acetylation of sulfanilamide, which is for many reasons desirable m 
sulfonamide therapy 

Adenyhc acid did not mcrease acetylation, which leads to the assumption 
that its phosphate potential was not high enough to bnng about mcreased 
acetj 1 phosphate formation Adenosme tnphosphate did increase acetyla- 
tion, which suggests that its phosphate potential w^as high enough to in- 
crease the formation of acetyl phosphate These observations substantiate 
those of Lipmann (17, 18) 

The inhibition of acetylation produced by sodium acetate was suggested 
bv Doisy and Westerfeld (19) who stated, “sodium acetate either had no 
effect or decreased the acetylation [of p-ammobenzoic acid] in six out of 
se\ en rabbits tested ” Acetate had a stimulatmg effect on the acetylation 
of sulfanilamide by liver shces (16) The amount of conjugation was also 
increased by p 3 rru\ate, lactate, and acetoacetate James (20) reported a 
3-fold increase in the ratio of acetylated to free sulfanilamide followmg the 
admmistration of acetate to nuce Several other groups (21-23) have 
reported that acetate is effective in mcreasmg acetylation zn wo Hensel 


’ Ratish, H , personal ooimnumoation 
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(21), working mth rabbits, found a 61 per cent increase in the amount of 
p-acetylammobenzoic acid excreted when acetate was mjected 

IQem and Harris (16) noted increased acetylation of sulfanilamide in 
vitro through addition of pyruvate to tissue shoes Hensel (21) had re- 
ported a 32 per cent increase m the unnary output of p-acetylammobenzoic 
acid followmg the mjection of sodium pyruvate An increase of 300 per 
cent in the acetylation of sulfanilamide in vivo in the rat followed the use 
of p 3 Truvate in our experiments There was no other chemical investigated 
which even closely approached the potency of pyruvate m brmgmg about 
mcreased acetylation 

The findmgs reported with a crude calcium glucuronate (13) could not 
be duphcated with pure glucurone Certam preparations of crude calcium 
glucuronate almost completely prevented acetylation, while the pure glu- 
curone reduced acetylation by 20 per cent It was this fact that led us to 
mvestigate many other compounds Our results further disclose that in 
rabbits, monkeys, and human bemgs a calcium glucuronate product which 
was active in rats showed no effect m mhibitmg acetylation It has been 
our contention that glucuronic acid fed with sulfandanude would force the 
“detoxication” away from acetylation and mto combmation ivith glucu- 
ronic acid The hterature contains ample evidence of this probabihty 
Griffith (24) reported that the feedmg of glycme with benzoic acid mcreased 
the output of hippuric acid and decreased that of benzoylglucuromc acid 
Csonka (25) had previously demonstrated this effect of added glycme, 
causmg an inhibition of glucuronate formation It is true that Scudi and 
Robinson (26) have reported that sulfanilamide, unlike sulfapyridme and 
sulfathiazole, did not stimulate glucuronic acid formation However, our 
own results'' have disclosed that the difference between the various sulfon- 
anudes is one of dosage as regards their effect on glucuronic acid formation 
At the proper dosage sulfamlamide will cause mcreased glucuromc acid 


excretion m the rat 

The defective acetylation m thiamme-deficient rats is to be anticipated 
if acetyl phosphate formation is the necessary prerequisite to acetylation 
In thiamme deficiency, there is a retarded oxidation of pyruvic acid, and 
this would automatically decrease the formation of acetyl phosphate ivith 
consequent inhibition of acetylation It follows that the more severe the 
vitamm deficiency, the less the acetylation This possibility was checked 
m six rats which were monbund from an acute thiamine deficiency , and 
m these rats the per cent of the total sulfamlamide acetjdated in the blooc 
was less than 1 This value contrasts mth the value of 5 8 per cent foun 
m thiamine deficiency before the rats become monbund and cease con- 
summg food The value is not conclusive but indicates a trend 


* Martin G J , and Stenzel, W , unpublished data 
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The defectixe acetjlation of sulfanilamide noted m nboflavm-deficient 
rats IS more difficult of explanation The suggestion is offered that, inas- 
much as the nicotinic acid-containing enzymes are substrates for the nbo- 
fla\ m-containing enzj-mes, it is highlj’- probable that m nboflavm-deficient 
animals there is a defective lactic acid deh 5 '-drogenase system, the enzyme 
converting lactic acid to pynivic acid In the nboflavm-deficient rat, 
therefore, there is a decreased formation of pyruanc acid which accounts 
for the defcctn e acet 3 dation 

Our failure to find increased acetylation when sulfamlamide nas used 
n itli quinine v ould seem to contradict the results of Hamed and Cole (27), 
but actuallj this is not the case Their results were on unnary sulfon- 
amides, ours vere on blood And w^ have demonstrated that the two are 
not directlj'^ related Further, Hamed and Cole got their most stnkmg 
effects after the 1st day, we report 6 hour values The results obtamed 
when insulm was used to mcrease acetylation were entirely negative This 
maj' n ell be a matter of timmg and detail of experimental technique, when 
contrasted nath the positive results of Harrow el al (22, 28) 

Acetoin did mcrease acetylation as reported by Doisy and Westerfeld (19) 
but the degree did not begin to equal the mcrease produced b}' pyruvic acid 
It is therefore suggested that acetjd phosphate is formed directly from 
pjTumc acid and not from acetoin or diacetyl, as suggested by Doisy and 
Westerfeld (19) 


SUMAIART 

The acetylation of sulfanilanude by the rat is greatly mcreased by 
pjTuvate This effect surpasses that of acetom to such a degree as to sug- 
gest the improbabihtj^ of acetom as an mtermediarj’^ between pjTuvate and 
acetyl phosphate Sodium acetate reduced acetylation of sulfanilamide in 
the rat by 39 per cent 

Acetylation of sulfanilamide vas defective m rats ivith a thiamine or a 
nboflavin deficiency 
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THE COMPONENT FATTY ACIDS OF HUMAN DEPOT FAT 

Bt DAVID L CIIAMEK* and J B BROWN 
(F rom the Laboratory of Physwlogical Chemntry, The Ohto Stale University, Columbus) 

(Received for publication, September 10, 1943) 

The fatty acid composition of human depot fat has been the subject of 
few pre\ lous researches Jaeckle (1) m 1902 reported quantitative values 
for palmitic, steanc, and oleic acids Smee m the methods employed other 
saturated and unsaturated acids now known to occur m this fat ivere not 
recognized, the results of his work must be considered as quahtative only 
The first quantitative data based on the somewhat more accurate pro- 
cedures of two decades ago were described by Eckstem m 1925 (2) Eck- 
stem’s results were far from complete He found 26 6 per cent of saturated 
fatty acids and 63 6 per cent of unsaturated acids By the use of certam 
soap procedures and partial fractional distillation of the methyl esters of 
the component fatty acids he reported for the first time a trace of launc 
acid, about 1 00 per cent of m5mstic acid, and less than 1 per cent each of 
hnoleic, hnolemc, and arachidonic acids Identification of the last three 
acids was made through study of the bromine addition compounds Wag- 
ner (3) 1 year later confirmed the presence of hnoleic and arachidonic acids, 
but not Imolemc Several raoie recent contnbutions to the chemistry of 
human fat have been made by Heiduschka and Handntschk (4), Cathcart 
and Cuthbertson (5), Cuthbertson and Tompsett (6), and Stolfi (7), but 
no further detailed work to evaluate the component fatty acids has appeared 
m spite of the obvious importance of adipose tissue m the chemistry of the 
human body as brought out m the interestmg discussion of this subject 
by Wells (8) 

In the present work, we have distilled the methyl esters of five specimens 
of human depot fat through a highly efficient electncally heated column 
packed mth glass helices By this procedure m each instance we had 
available three mam fractions composed essentially of Cu, Cje, and (Dig 
esters respectively, and m addition, small intermediate and residual frac- 
tions The mam fractions from two of the specimens were then studied 
by crystalhzation procedures at low temperature, developed in this labo- 
ratory, m order to identify the esters present Tetradecenoic and hexa- 
decenoic acids were demonstrated m this fat for the first tune Repeated 
crystalhzation of the octadecenoic acid (oleic) present gave evidence for 
the presence of other octadecenoic acids than oleic The Imoleic acid m 

* Presented in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Graduate School of The Ohio State University 
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this fat also appears to be a mixture of isomenc octadecadienoic acids, 
although ordinary hnoleic acid (cts, m) is the pnncipal component of this 
mixture On the basis of the acids identified as a result of this work, calcu- 
lations of the component fatty acids in human depot fat were made and are 
shown in Table I 


Table I 

Per Cent of Fatty Acids in Human Fat 


Specimen No 

XIII 

XU 

m 

XX 

HXIV 

Laurie 

0 1 

0 6 



0 9 

Mynstic 

2 7 

5 9 

2 6 

2 6 

3 9 

Tetradecenoic 

0 2 

0 6 

0 4 

0 4 

0 5 

Palmitic 

2i 0 

25 0 

24 7 

25 4 

25 7 

Hexadecenoic 

S 0 

6 7 

7 3 

5 6 

7 6 

Stearic 

8 4 

5 8 

7 7 

7 7 

5 2 

Octadecenoic 

46 9 

45 4 

45 8 

44 8 

46 6 

Octadecadienoic 

10 2 

8 2 


11 0 

8 7 

Arachidonio 

1 0 

I 0 

mnm 

0 3 

0 6 

Other Cio 

1 5 

0 8 

■■ 

2 2 

0 3 


EXPERIMENTAL 

Dcscnphon of Fat Specimens — ^The five specimens of human fat were 
obtamed for us at autopsies made by the Department of Pathology The 
pathology m each case was not beheved to be of sigmficance m the history 
of the fat specimen In other words, we consider these specimens to be 
reasonably normal human body fats Autopsy records show the following 
Specimen XIII, female, S3 years, cardiac hypertrophy. Specimen XII, 
male, 74 years, arteriosclerosis. Specimen III, male, 61 years, prostatic 
hypertrophy. Specimen H-XIV, male, 66 years, arteriosclerosis. Specimen 
XX, histoiy unknown 

Specimens were taken mamly from the abdommal regions, pannicular, 
mesenteric, perirenal, etc 

Preparahon and Dishllahon of MeUiyl Esters — The fresh adipose tissue, 
after bemg washed with cold water and cooled to —20°, was hashed and 
heated on the steam bath for 2 to 5 hours The fat was then pressed out 
m a lard press Water was completely removed by warmmg under reducM 
pressure Methyl esters were prepared in the usual manner and distills 
Care was taken that the yield of esters was practically complete, usua y 
over 97 per cent of the weight of fat taken, so that they are representative 
of the fatty acids of the specimen m question Anal 3 ^ical data on e 
ongmal fats and their methyl esters are shown m Table II 
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Specimens of the above esters were distilled through an electrically 
heated column, 90 cm m length, packed with glass helices The esters of 
Specimens XIII and XII were worked up m distillations of four batches 
and tv 0 batches, respectively, in order to have available sufficient amounts 
of the mam fractions for mtensive investigation The procedure followed 
for Specimen XII v as as follows A charge of 460 gm was distilled into six 
fractions and residue The head fraction (Cir-Ci 4 ) and two small inter- 
mediates were returned to the distilling flask with a new charge of 342 gm 
of esters and the muxture was distilled with special care to obtain a head 
fraction with any Cr ester present The mam fractions and residues from 
the two batches w’ere combined There were thus available from this 
specimen three combmed mam fractions, a head, and two small inter- 
mediates and residue Fmal distillation and analytical data on the five 
specimens are presented m Table III 

Table II 


Analytical Data on Specimens of Human Fats and Their Methyl Esters 


Specimen No 

Neutral fat | 

Methyl eaters 

I No 

1 SapomBcatton No 1 

I No 

Mol wt 

XIII 

CS 9 

HHgi 

67 8 

282 3 

XII 

67 4 


64 9 

289 9 

HI 

6S 8 

197 9 

67 8 

283 5 

XX 

64 8 

197 3 

64 4 

280 4 

H-XIV 

68 5 

195 4 

69 2 

285 4 


Expenence with this still has shoivn that, as a rule, the main fractions 
are over 95 per cent of the carbon series m question, mtermediate fractions 
are usually small m proportion to the care taken m the distillation These 
mtermediate fractions have been calculated from their moleculaf weights 
as bmaiy mixtures of the two adjacent mam fractions 

The Ci8 mpm fractions were discontmued as soon as defmite evidence of 
rising boihng point was observed No attempt was made to contmue the 
distillation up to the C 20 mam fraction which was later found to amount 
to only about 2 per cent of the total esters As a result, the residual frac- 
tions were about three-fourths C 18 esters and one-fourth C-d esters 
Frachonal CryslaUizaiion Studies of Nature of Main and Residual Frac- 
tions — The mam and residual fractions of Specimens XII and XIII were 
studied m detail by crystalhzation procedures at low temperature Only 
the experiments on Specimen XIII are described below on account of space 
limitations However, the results on the two specimens agreed very 
closely 
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Table III 


Final Dislillation Data on Five Specimens of Methyl Esters of Hitman Fat 


Specimen 

No 

Charge 

Fraction C senes 

Weight 

Mol wt 
of esters 

Mol wt. 
of acids 

I No 

Thiocy 

anogen 

No 

Poly 

bromide 

No 


gm 


gm 






XUI 

2065 

12-14 

16 8 

239 7 

225 7 

11 1 





14 

12 9 

242 2 

228 2 

6 4 





14-16* 

21 3 

245 5 

231 5 

14 5 





14-16 

21 2 


241 0 

22 7 





16 

527 9 

267 6 

253 6 

17 4 





16-18 


281 9 

267 9 

49 3 





18 

1167 1 

296 7 

282 7 

87 9 

75 3 




Residual 18-20 

188 7 

EiiKvl 

291 5 

119 6 


10 0 

XII 

802 

12-14 

9 0 

228 1 

214 1 

16 6 





14 

35 3 

239 3 

225 3 






14-16 

18 4 

251 7 

237 7 

24 5 





16 

227 2 

269 4 

255 4 






10-18 

34 5 

282 2 

268 2 

59 1 





18 

438 1 

297 3 

283 3 

88 9 

77 7 




Residual 18-20 

37 6 





18 5 

III 

420 

14-16 

35 4 


246 4 






16 

87 9 

272 6 

258 6 

24 4 





16-18 

55 0 


272 3 

59 1 





18 

216 6 

294 8 


88 6 

75 9 




Residual 18-20 

24 3 





6 2 

H-XIV 

450 

14-16 

HTiEj 

245 0 







14-16 

8 7 

253 2 

239 2 

12 4 





14-16 

15 5 








16 

116 6 

268 0 


21 6 





16-18 

34 4 

279 0 


71 8 





18 

231 0 

296 9 

282 9 


78 9 




Residual 18-20 

34 5 

Eiimil 


98 2 


6 6 

XX 

635 

14-16 

20 0 

244 0 


13 7 





16 

152 5 

268 5 

254 5 

17 4 





16-18 

52 0 

279 5 

265 5 

Mi At 





18 


297 0 


E& 

77 0 




Residual 18-20 


■1 


E&EMU 

5 3 


* This mixture of Cn-Cit esters was not added to the still pot with the next batch, 
hence, the two Cir-Cu fractions here 


Cu Fraction 

The Ci 4 esters ivere crs^taUized by the procedure descnbed in Chart I 
By the procedure descnbed m Chart I there were obtained 8 5 gm of 
methyl mynstate which is shown to be practically pure by lodme number, 
molecular weight, and meltmg point The combmed filtrate fraction, 
amountmg to only 1 5 gm , consists of 52 per cent of methyl tetradecenoafe 
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and 4S per cent of methyl mynstate Since the thiocyanogen number is 
\ er} close to the iodine number, the presence of acids ivith more than one 
double bond is unlikely From the iodine number, the Cu mam fraction 
IS S 1 per cent methyl tetradecenoatc On account of the small amount of 
material available, no attempt was made to identify the tetradecenoic acid 
further 

Cis Fraciion 

The crj’stalhzation procedure for the separation of the constituents of 
the Cie fraction is desenbed m Chart II 
When the onginal methanol solution was cooled to —25°, only a small 
amount of methyl palmitate precipitated, but when cooled further to — 50° a 
total of 83 0 gm of this ester crystallized out, from the iodine number this 
was 97 3 per cent pure The filtrate from this crystallization as further 
broken up into two fractions, the crystals of which were 94 per cent and the 

Chart I 

Crystalliiation of Cu Esters of Specimen XIII 

10 gm Ch esters 
Mol wt 242 2, 1 No 6 4, 
dissolve in 400 cc 

methanol, cool to —60° 


Dissolve in 370 eo methanol, 
cool to —60° 

8 5 cm , mol n't 240 8, Fi and E i combined, 1 5 gm , 

I No 0 0 mol wt 239 9, I No 57 3, 

m p IS 4° thioc>anogen No 54 8 

filtrate 97 5 per cent methyl hexadecenoate This is an almost unbehevably 
sharp separation and demonstrates the ease with which the crystallization 
procedure separates simple ester mixtures of this type The methyl hexa- 
decenoate was further demonstrated by reduction to methyd palmitate, and 
by oxidation of the acid to dihydroxypalmitic acid of known meltmg pomt 
The meltmg pomt of the ester, —42 4° to —41 5°, is practically identical 
with that of a specimen of methyl hexadecenoate prepared m this laboratory 
from menhaden oil by Frank Smith which has been shown by disruptive 
oxidation to be 9 , 10-hexadecenoate Smee the thiocyanogen number of 
the ester is very close to the iodine number, it seems hkely that acids more 
unsaturated than hexadecenoic are not present m significant amounts 

Cxs Fraction 

The Cia esters of Specimen XIII were assumed to consist of methyl 
stearate, oleate, and Imoleate The polybromide number of this fraction 
(0 0007) in comparison ivith that of the succeeding residue fraction (10 0) 
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Chaht II 

Fractional Cryslalhzalton of C\t Methyl Esters of Specimen XIII 


100 gm per 4 liters MeOH (2 5%) 
Mo! v.t 2G7 6 I No 17 4, 
coo! to —25“ 


Combine \ 


\ 


r, 

Concentrate to 5% 
j Cool to —50° 


P 

Metliyl palmitatc, 

S3 0 gm mol w t 
269 4 I Vo 2 C, m p 
20 2° 


Ft 

Coo! to —70° 


Pt 

11 0 gm I 
Vo 8S8 


II 


I 

Metliyl palmitato, 
I No 0 87, m p 
29 3-29 4° 


F, 

4 9 gm I Vo 
92 3 thiooj- 
anogen No 
90 4, tetri' 
bromide Vo 
0 0, m p 
-424° to 
-41 5° 

KMiiO, 

(NiOlI) 


Dih>dro\ypil- 
mitic acid 
mp 1 >3-124' 


CHAiir III 

Fractional Crystallization, of C,t Methyl Esters of Specimen XIll 


100 gm per 4 liters MeOH (2 5%) 

Mo! Mt 296 7, 1 No 87 9, t!iiocj anogou 
No 75 3, coo! to —20° 


Pi 

10 5 gm mol « t 
290 8, I Vo 2S 0 


r, 

Cool to 


-65° 


Pt 

75 3 gni , I 
No 84 8 


13 7 gm , i Vo 147 5, 
polybromido No 0 


0 


Twice lecrystil- 
lizcd from petro- 
leum ether, —20° 

PlA 

Mol w t 297 S (theorj , 

298) I No 0 25, m p 
39 5° (39 1°)* 

Reported bj Francis and Piper (9) 
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shows that no appreciable amount of methyl aracludonate oi of methyl 
hnolenalc is present m this fraction This is also further evidence of the 
degree of separation attainable with the distillation appaiatus ii=ed in this 
work 

Prchmmar3 separation of the fraction is shown in Chart III 

The crjstaliization in Chart III separated the Cis esters into fractions 
composed maml3 of methj 1 stearate (Pi), methyl oleate (P2), and a mixture 
of oleate with Imoleate (Pj) For the further work on the methyl oleate 
fraction w e are indebted to Dr Carl Milhcan who w orked up larger amounts 
of the C18 esters as part of a more general mvestigation in pi ogress at the 
time this work was done (10) The crystalhzation was cairied out in ace- 
tone m the earlier operations in Chart IV, because filtration is easier from 
this soh ent than fiom methyl alcohol For full details, see Chart IV 

B3 the abo^ e procedure 1 13 gm of methyl oleate of 98 5 pei cent punty 
w ere isolated from 200 gm of Cu esters, or about 80 per cent of the oleate 
in the C18 esters used Oleic acid, prepared from the ester, ga\ c the follow - 
mg constants iodine number 88 8, thiocyanogen number 87 8, m p 12 4- 
12 7° Tlus oleic acid was recrystalhzed six times from petioleum ether at 
— 60°, in order to remoa e any contaminating linoleic acid The six times 
crj'-stalhzed oleic acid gave the follow mg results on analysis iodine number 
89 0, thiocyanogen number 87 2, mol wt 282 2, mp 12 8-13 0° Pure 
oleic acid from ohi'e oil melts at 13 3° Both values for thiocyanogen 
number above are regarded bj us with suspicion, because it is inconceivable 
that as much as 2 per cent of linoleic acid is present, as is indicated bv calcu- 
lation from the lodme-thiocyanogen number equation The six con- 
secutive filtrate fractions, amountmg to 0 8 to 3 0 gm , melted at 1°, 2°, 
8°, 9°, 10°, and 11° Se\ eral of these weie combmed, erj stallized once, and 
the resulting crystal fraction oxidized with alkaline permanganate by the 
procedure of Lapworth and Mottram (11) The resultmg dihj droxj'steanc 
acid melted at 122-123° The mixed melting point with an authentic 
specimen of dihydroxystearic acid prepared m a similar manner was 
125-126° 

We mterpret these results as follows The octadecenoic acid of human 
depot fat IS principally ordinary oleic acid There are present with this 
oleic acid appreciable amounts of isomenc octadecenoic acids These 
account for the decidedly low meltmg pomt observed in the origmal speci- 
men and the 0 3-0 5° low meltmg pomt even after recrystalhzation The 
contarmnatmg isomers may consist, in part, of vaccenic acid (12) w hich has 
been identified m several animal fats m small amounts, or of one or more 
other isomers in th double bond position The filtrate fractions m the 
recrystaUization of the oleic acid give mixed dihydroxy dem atn es of oleic 
and the isomenc acids These isomers are concentrated in the filtrate frac- 
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tions which, as a result, have considerably lower melting pomts This 
gradual removal of the isomers by recrystalhzation accounts for the rise in 
melting points of the several filtrates and for the appreciable rise m melting 


Chart IV 

Crystallization of CuEsters of Human Fat 

200 gm in 4 liters acetone 
Mol wt 290 7, I No 879, 
thiocyanogen No 75 3, 
cooled to —25° 


Crystals, Ci 

Add 4 liters acetone, cool to —25° 

Filtrate, F, 

186 gm , I No 106 8 

Cl 

Add 4 liters acetone, cool to —25° 

1 

Fi 

2 0 gm ,I No 63 8 

C, 

5 gm , I No 0 21 

Fi, Fi, F, (188 gm ) 
Add 4 liters ace- 
tone, cool to —70° 

F* 

1 8gm , I No 14 3 

Cl 

Add 4 liters acetone, cool to — GG° 

F, 

42 gm , I No 137 6 (ole 
ate and linoleate) 

Cl 

Add 4 liters acetone, cool to — G0° 

15 gm , I No 96 5 (ole 
ate and linoleate) 

C, 

132 gm , I No 76 9, distilled 

1 

F, 

1 5 gm ,I No 76 9 (ste- 
arate and oleate) 

129 5 gm , I No 77 4, add meth- 
anol to 5%, cool to —23°, 2 5 days 


Cl 

98gm,INo 173 (stearate and oleatc) 

114 gm , I No 83 G7, 
add methanol to 5%, 
cool to —30° 

1 

' C, 

0 6 gm 

113 gm , I No W 3, 

98 5% mcthvi oleite 

pomt of the oleic acid in the final crystal fraction Smce the postulate 
isomeric octadecenoic acids have not been actually isolated in a sufficient y 
pure state for identification, this mterpretation of data is still open 
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question Millican, in ipplying these ci 3 'stalhzation procedures to se\ eral 
seed oils, Ind little difficulty in preparing oleic acid of the same melting 
point as the purest specimen from olive oil Howe\ er, similar pieparations 
from a number of animal sources almost invariably resembled the oleic acid 
preparation from human fat 

Seieral of the filtrate fractions from the crystalUzation of the Cib esters 
vhich from their high iodine number neie assumed to be concentrates of 
methjd linolcate vere com erted to the free acids and crystallized according 
to the procedure desciibed m Chart V 

If the original fatt\ acid mixture used in Chart V had been composed of 
ordinary oleic and hnoleic acids, ne should have been successful m effectmg 
a much higher concentration of the hnoleic acid Frankel, Stoneburner, 
and Brorni (13) bi the use of cr 3 "sta!hzation procedures were able to isolate 


Chart V 

Fracttoml Crystallization of Lmoletc Acid Concentrates of Human Fat 


32 5 gm in 425 ec acetone 

Mol v.t 2S1 2, I No 125 0 cooled to -50° 

Pi 
1-2 gni 


F, 

Cool to —70° 


P 

14 8 gm , I No 122 3 tctra 
bromide No 29 1 thiocj 
anogcn No 93 0 


F, 

16 2 gm . I Vo 143 6 
12 5 “ in 200 CO ace 
tone, cooled to —70° 


Pz Pt 

5 7 gm , I No 145 7 6 9 gm , I No 139 8 

5 6 " m 400 cc petroleum other, 
cooled to —60° 


P, 


F. 

5 3 gm I No 146 0, tetrabromide 
No 53 3, m p — 14 5°, m p 
bromides 113 5-114° 


hnoleic acid b 3 cr 3 'staIhzation of the fatty acids of a number of semidrymg 
oils from acetone and petroleum ether With olive oil, however, difficult 3 ’’ 
was encountered and the results were mterpieted as due to the presence of 
nuxtures of isomenc octadecadienoic acids 
Ft calculated from the iodine number as a mixture of oleic and octadeca- 
dienoic acids contains 61 5 per cent of the latter (lodme number 181 0) 
On the basis of the tetrabromide number 102 9 the content of hnoleic acid 
m this fraction is 51 8 per cent The difference betw^een these values, 9 7 
per cent, is octadecadienoic acid which does not 3 neld the usual petroleum 
ether-insoluble tetrabromides In other words, about five-sixths of the 
octadecadienoic acid of this fraction is hnoleic acid, a similar calculation for 
Pj shows a ratio of the tw o t 3 ^es of acids of about four-fifths 
Quantitative calculation of the composition of the Cis fraction can 
be made from iodine number-tluocyanogen number equations These 
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equations are based on iodine numbers of 85 6 and 172 4 for raethj 1 oleate 
and linoleate respectivelj , and on thioc3'anogen nunibeis of 85 6 and 91 4 
for these esters The thiocjanogen number 91 4 foi meth}! linoleate was 
the value obtained on a specimen of pure ester prepaied especiallj for the 
purpose, the determination uas made b}" the procedure of Matthews, 
Erode, and Brow n (14) at 16° The equations and results given in per cent 
are as follows meth}'! oleate = 2 488 X thiocj'anogen number — 1 317 
X lodme number = 71 57, methjl hnoleate = 1 235 (iodine number — 
thiocyanogen number) = 15 56, methyl stearate = 100 — (oleate + Imo- 
leate) = 12 87 


Chart VI 

Fractional Crystallization of Residual Fractions of Specimen XIII 


120 gm esters in 1700 cc methanol 
Mol wt 305 5, I No 199 6, pol>- 
bromide No 10 0, cooled to —35° 


Pt P 

A1 gm , mol R t 303 3, Cooled to —65° 

I No 93 3 polybro I 

mide No 6 7 | 


1 

30 gm in 3 
liters meth 
anol cool to 

- 20 ° 

P u Pin 

7 2 gm , mol w t Cool to —60° 
302, 1 No 8 9 1 

Pib 

5 6 gm mol 
nt 306, I No 
86 1 poljbro- 
mide No 3 7 


P, 

42 gm mol 
wt 300 7, 

I No 99 7, 
polybro 
mideNo 2 3 


P irs 

17 3 gm I 
No 130 7 
polj bromide 
No 11 5 


Cooled to —75° 

1 


P, 

8 3gm ,moI 
wt 305 8, 

I No 152 8, 
pol) bro 
mide No 
14 4 


7gm ,moI 
U 3123,1 
So 20S1, 


37 3, % Br 
in bromide 
65 7, mp 
228 5-230° 


These values have been expressed m Table I as stearic, oleic, and linoleic 
acids The failure to obtain more complete separation of the unsaturated 
esters of this fraction is due to the probable complexaty of their nature, 
whereby clear cut separations do not result 


C-o Fraction 

The total residual fraction of Specimen XIII amoimted to 
which, from the molecular weight, consists of 138 gm of Cis estere and 5 
gm of C20 esters (2 5 per cent of the onginal specimen) From the polj bro- 
mide number of this fraction (10 0) the arachidonate content is calcula e 
to be 1 0 per cent, leaxung 1 5 per cent of other C-o esters The ’L-ii 
residual fraction were crystalhzed according to the procedure in Cha 
It IS clear from the data m Chart VI that satisfactoiw separations were 
not obtamed The pnncipal objectn e of the fractional crj'stalhzation. 
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isolation of a concentrate of methyl arachidonate, nas fairl}’’ successful m 
that final filtrate fi action Fi, amounting to 18 7 gm , contamed 40 per cent 
of this highlj unsaturated estei This is calculated fiom the conected 
factoi , 91 8, of hlou 13 , Erode, and Broira (15) The identity of the methjd 
ai achidonate is based on the bromine content of the polj bromide, 65 7 per 
cent (theon foi metlij 1 arachidonate, 66 78 per cent), and its melting point, 
both of which a allies aie comparable with those pie\ lously obtained bj" one 
of us (16) on siimlai pioducts from a number of glandular tissues It is 
likeh that much bettei separations of C-o esteis w ould be obtained if a pure 
C"o ester fiactiun could be prepaied However, we hesitated to tij" to 
sepai-ate these lesidual fractions bv distillation through an electrically 
heated and packed column because of prev lous evpenence in this laboratory 
in the separation ot methyl arachidonate b} this method (15) The 
furthei identification of methyl arachidonate was therefore not possible 
Also, it was impossible to separate and identify other possible C^o acids 
How ever, w e ha\ e calculated mdirectlj that portion of the iodine number 
of the C«o fraction w Inch is not due to methjd arachidonate and found it 
to be appro\iniateh 85 This we believe to be due to the presence of an 
acid or acids of lessei unsaturation than arachidonic, possibfy eicosenoic 
It seems likelj , theiefoie, that both this acid and arachidic acid are mmor 
components of this tat 


DISCUSSION 

For the first time, crystallization methods at low tempeiatuie hav e been 
applied to the study of the component fattj acids of two specimens of 
human body fat Practicallj pure specimens of methyl mynstate, palmi- 
tate, stearate, and oleate hav e been isolated from the esters of this fat, thus 
confirmmg previous w ork m this field In addition, the presence of tetra- 
decenoic and hexadecenoic acids in this fat has been demonstrated for the 
first time, these results being in line with several comparatwelj recent 
mv estigations on animal body fats The oleic and linoleic acids hav e been 
shown to occur along vnth other isomers of these acids Our results on the 
C12 and C21) fractions aie mcomplete It will be necessary^ to w ork up con- 
siderably larger amounts of fat to inv’estigate these fractions further, and 
positively identify the acids present wuth the exception of arachidomc acid, 
the presence of which w as confirmed from analysis of its octabromide Our 
results furthermore do not prove the absence of higher acids than C20 
although these must be present, if at all, m only traces 

The demonstration of the presence m human fat of isomeric octadecenoic 
and octadecadienoic acids is of special mterest The sjmthesis of oleic acid 
in the animal body has been pioved bv numerous inv estigations m the past 
It seems likely that the fatty acid sjmthesis by the animal organism results 
largely in the formation of ordmary oleic acid This may be the case in 
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the human body If Milhcan’s results on the octadecenoic acids of animal 
ongm are not in error, the isomenc acids in human fat maj origmate from 
synthesis and from the food The finding of acids isomenc with Imoleic, 
which IS an essential fatt5’- acid at least for rats, is orthy of special note 
The most likely explanation of its occui rence is that it has been derived from 
similar acids m the dietai^' fat 


SUMMARY 

1 The methyl esters of the fatty acids from two specimens of human 
depot fat w ere separated by distillation through an efficient column into si\ 
or seven relatively simple fractions, the mam fractions representmg esters 
of single carbon series were studied b 3 ’^ crystalhzation procedures at low 
temperature 

2 Methyl mynstate, palmitate, stearate, and oleate were isolated and 
identified as practically pure compounds 

3 The presence of tetradecenoic and hexadecenoic acids was demon- 
strated m this fat for the first tune 

4 The oleic and Imoleic acids of human fat are the principal Cis unsatu- 
rated acids present, but they are found along with isomenc octadecenoic and 
octadecadienoic acids 

5 The presence of arachidonic acid is confirmed 

6 From the data ob tamed from crystalhzation studies on two specimens 
and from distillation data on three more, the fatty acid compositions of fi\e 
specimens of human fat have been calculated and recorded 

7 In the five specimens studied the Imoleic (total octadecadienoic) acid 
contents ranged from 8 2 to 110 per cent, the values for arachidonic acid 
fell between 0 3 and 1 0 per cent 
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In previous investigations (1, 2) the relationship between “alkaline” 
phosphatase’ activity and ascorbic acid intake m evpemnental scurvy 
has been studied It has been shmvn (1) that the serum phosphatase is of 
osteoblastic origm m the gumea pig and that m scuny in which there is 
unpaired osteoblastic actinty the serum alkahne phosphatase level falls 
markedlj Upon the administration of ascorbic acid (0 25 to 12 0 mg ) 
there was shoira to be a recovery of osteoblastic actintj and a concomi- 
tant nse m the serum phosphatase level (2) 

The present mvestigation has been undertaken to determme whether 
the histological changes mvolved m the scorbutic process can be equated 
to the enzymic change and in this manner serve as a quantitative bioassay 
method for ascorbic acid or any other antiscorbutic substance Such a 
method would obviate the use of the non-specific growdh methods or the 
use of the usual histological methods which are specific but require much 
time, compheated histological mampulation, and highlj skilled interpreta- 
tion The new method would combme the simplicitj of the growith method 
with the specificity of the histologic tooth structuie method of assay 
On the basis of the present mvestigation a new method for the bioassay 
of ascorbic acid is suggested 

Methods 

Animals — Guinea pigs 6 to 7 weeks of age and weighing from 250 to 275 
gm (except for special experiments separately described) were separated 
into groups of five and housed m clean wire cages The animals were fed 
ad libitum a scorbutogemc diet consistmg of equal parts of skun milk 

* The w ork desenbed m this paper w as done under a contrac t , recommended b> the 
Committee on Medical Research, betw een the Office of Scientific Research and De\ el- 
opment and the Massachusetts Institute of Technologj 

’ Phosphatase, as used throughout the present communication, refers to the 
enzyme with an optimum activity at pH 8 6 to 9 0 
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(heated at 100® foi 4 to 5 hours), i oiled oats, and bran The diet was 
supplemented bA 1 ml of cod In'er oil e\ erj 4 to 5 da3's Fresh Mater A\as 
a\ailable to the animals at all times Measured amounts of costalline 
Z-ascorbic acid, dissohed m Mater immediatelj before use, Mere adminis 
tered bA mouth Mhen desired bj' means of accurateb" cahbrated sjmnges 
The scorbutogemc diet Mas adequate for normal groiAdh Aihen supple 
mented inth sufficient amounts of ascorbic acid, mthout the supplement 
the anmials inA anabh shoM ed ca idence of scui a’j in 18 to 25 daj s Larger 
animals leqmred a longer time to deAelop scurAM 
Estimation of Smon “AlLahnc” Phosphatase Blood Sampling — ^The 
animals aa ere bled directh' from the heart under a er}’^ hght ether anesthesia 
0 5 to 1 0 ml of blood is Mathdran-n into a small tube, ailoMed to clot, and 
the serum centnfiiged off Small samples can be used, smce onl} 0 05 ml 
of serum is needed foi the phosphatase estimation Light ether anesthesia 
and repeated small bleedings at short intervals Mere found to haae no 
effect on the phosphatase Ica el 

Phosphatase Estimation — In the present mA estigation, Mhich has been 
adapted to the use of a erv small amounts of serum, a slight modification 
of the method suggested bj ShmoMara, Jones, and Reinhart (3) has been 
emploA ed The senim phosphatase may also be deterimned bj the method 
of Bodanskj (4), in which inorgamc phosphate is estimated b^^ the method 
of Fiske and Subbaiow (5), but larger amounts of serum (0 5 ml) are 
required and from 2 0 to 3 0 ml of blood should be drawn 
0 05 ml of the senim is diluted to 0 50 ml wath distilled water and two 
samples of 0 02 ml each are wathdrawn and introduced into Kahn serologi- 
cal tubes (12 X 75 mm ) The tubes are placed in a water bath, carefulb 
adjusted to maintain the temperature at 37°, and allowed to remain for a 
few mmutes To one (the control) is added 0 4 cc of distilled water and 
to the other 0 4 cc of substrate made up as follows 1 06 gm of sodium 
diethjl barbiturate (Aeional), Merck, 1 25 gm of sodium ;S glj cerophos 
phate (Eastman Kodak), and 0 5084 gm of hlgCb m 250 ml of distilled 
water After the addition of serum the digest is at pH 8 6 After mcubi- 
tion foi 1 hour, 0 4 ml of 10 per cent tnchloroacetic acid is added to each 
tube and the tubes centrifuged at 2000 h p ai for 10 to 15 minutes Tte 
A\ater-clear supernatant fluid is decanted mto another tube and is readj 
for the anal} SIS of morganic phosphate, AAhich is earned out as desenbe 
(3) The difference bet aa een the inorgamc phosphate leA'els m the presence 
and absence of sodium 0 gl} cerophosphate is a measure of the phosphatase 
actiAutj, which is expressed m umts each of wduch is equal to 1 ^ 

phosphorus (as phosphate) liberated b} 100 ml of serum in 1 hour at / , 
under the conditions of the experiment It is desirable to cfaec e 
substrate penodicallj for free inorgamc phosphate and it is essentia a 
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new calibration curv’cs be made for each set of new reagents (to be pub- 
lished) A blank estimation should be run on the reagents without added 
inorganic phosphate Bj" this method lepeated estimations indicated 
that an accuracy of ±5 to 10 per cent was attainable 

EXPERIMENTAL 

It has been found previousl} (2) that doses of ascoibic acid in quantities 
from 1 0 to 12 0 mg pei daj appeared to be adequate to maintain the 
serum phosphatase le\ els (pie\ entive method) and that ascorbic acid (0 25 
to 120 mg ) administered to scorbutic anunals with lowered phosphatase 
levels (curative method) resulted in prompt increases m serum phosphatase 
What IS more, there appeared to be no correlation indicated in those ex- 
periments between these doses and the response, the lower dosage (0 25 
mg per day) showing practicallj the same increases in magmtude and 
nature as the highest dose (12 0 mg per day) Smee lower doses than 0 25 
mg per day were not studied, the following experiments were undertaken 

Prevenltvc Method — A senes of experiments was earned out to determine 
whether a cntical level of ascorbic acid is required to prevent a declme 
in serum phosphatase For this purpose the animals were divided mto 
several groups of eight animals each All w’ere fasted for 2 days and then 
put on the scorbutogemc diet The diet of each group was then supple- 
mented with either 0 00, 0 1, 0 15, 0 2, 0 225, 0 25, 0 3, 0 4 mg of ascorbic 
acid per day (fed bj mouth) At mtervals the serum phosphatase of each 
group was determmed From typical results of several such experiments 
Figs 1 to 4 have been constructed and indicate quite clearly that m doses 
of 0 225 mg per day or greater the serum phosphatase is maintained at 
its normal level, below this dosage there is a sharp fall in the phosphatase 
level (Table I) There appears to be no direct relationship between the 
dosage under 0 225 mg per day and the phosphatase level, which indicates 
that there is a cntical intake required, amounts smaller than this having 
but slight effect on the phosphatase level 

The results of several experiments indicate that different groups of ani- 
mals behave differently on the scorbutogemc diet The rate of declme 
of the serum phosphatase differs, some groups attammg the low level 
rapidly (15 days), others slowly (25 to 30 days) The mitial values for 
the phosphatase level before the animals are put on the diet varj^ con- 
siderably as well 

Curative Method — Several groups of five or ten animals each were put 
on the scorbutogemc diet for a penod of from 15 to 25 days, dependmg 
upon the period necessary to brmg the serum phosphatase down to a level 
of about 4 to 5 umts Lower levels were found not to be as desirable, smee 
further drops in the enzyme level could not be studied accuratel} When 


o 



Fio I The serum alkaline phosphatase of 250 gm guinea pigs fed a scorbutogcnic 
diet supplemented with varying doses of ascorbic acid for 30 days 



ASCORBIC ACID t«o > 

Fio 2 The serum alkaline phosphatase of 250 gm guinea pigs fed a scorbutogcnic 
diet supplemented mt h varying amounts of ascorbic acid for 15 days 
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the serum phospliatase had falleu to this range, varying doses of ascorbic 
acid (0 00, 0 10, 0 15, 0 175, 0 20, 0 225, 0 25, 0 275, 0 3, 0 35, 0 4, 0 5 mg 
per dajO were administered by mouth 4fter vanous intervals of from 
3 to 15 days the serum phosphatase was estimated From some typical 
data (Tables II and III) it is apparent that 0^25 mg per day is a critical 
dose for a 5 day response and 0 2 mg per day for a 10 day response Doses 



Fic 3 The sermn alkaline phosphatase of a group of 250 gm guinea pigs fed a 
Bcorbutogemc diet supplemented with from 0 to 0 250 mg of ascorbic acid (figures in 
parentheses) The initial phosphatase level is also indicated on each cune 

below 0 2 mg were not very effectue Doses of 0 3 to 0 4 mg per daj 
result m responses m 3 da 3 "s If the curative penod is earned to 15 daj-s 
with doses of 0 2 and 0 225 mg , the phosphatase level begins to fall again, 
mdicatmg that the range is cntical, and as the animal becomes more 
scorbutic the dose cannot mamtam the mcrease apparent at first (Table 
III) The cntical level is taken as that dose at which most of the animals 
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Fig 4 The eerum alkaline phosphatase of a group of 175 to 200 gm guinea pigs 
fed a scorbutogemc diet supplemented u ith varying doses of ascorbic acid (figures in 
parentheses) The initial values varied from 16 to 35 units 


Table I 


Typical Example of Effect on Serum Phosphatase Actiiity of Feeding Scorbutogemc 
Diet Supplemented by Relatively Small Amounts of Ascotbic Acid to Guinea Pigs 
The results are expressed in phosphatase units _____ 



i De>5pndlet 

Animal No 

^ i 

19 1 

1 “ I 

1 


OJOrn^ daily 

0JZ> ms daily 

1 

16 6 

6 6 

17 4 

1 8 9 

2 

27 0 

4 4 i 

14 4 


3 

1 IS 8 

4 3 

15 6 

8 7 

4 

14 6 

4 6 

15 0 

8 3 

5 

i 24 2 


23 4 

10 6 

Average 

20 2 

mSm 

17 2 

10 1 
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Table II 

Influence of Varying Doses of Ascorbic Acid Fed Daily for 5 Days on Serum 
Phosphatase of ‘‘Scorbutic” Guinea Pigs 


The results are espressed m phosphatase units 



Table III 

Influence of Small Doses of Ascorbic Acid on Serum Phosphatase Activity of Scorbutic 

Guinea Pigs 


The results are e\prcssed in phosphatase units 


Dosage 

Curative period 


0 day 

3 days 

5 days 

10 days 

IS days 







0 20 

4 1 

5 9 

6 3 

8 2 

3 9 


7 7 

5 3 

4 8 

11 0 

6 4 


3 3 

3 4 

2 0 

7 3 

S 7 


5 3 


4 9 

11 8 



5 1 


2 9 

7 8 


0 225 

5 5 

5 S 

6 4 

9 7 

5 5 


5 4 

7 1 

10 6 

12 2 

5 0 


5 3 

S 9 

8 5 

10 4 

4 3 


5 7 


9 9 

13 3 



of a group show a sharp increase in phosphatase (Table IV), while animals 
m the group gettmg a low er dose show a drop in serum phosphatase With 
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doses of less than 0 225 mg per daj all, or piacticalh all, would show 
dellmte decreases or no change m enzjnne le\'el Occasjonallj one animal 
of the group recemng the subminimal dose mil show an increase, this is 
neglected For anj particular stock of animals the “mimmal dose" must 
be determined since it is not unlikely that there ii ould be slight variation 
from stock to stock The 5 da}^ period was found to be the most con 
venient, since ammal variability pla3md a less significant r61e than when 
the shorter periods w'ere used 

Histological e\ammation" of sections of the tibiae of animals on such 
e\penments confirmed the obseiamtion that 0 2 to 0 225 mg per da} is a 
cntical level since no significant healing could be detected in animals fed 
smaller doses, while after 5 days on 0 225 mg dail} the fiist definite effects 
became apparent As would be a\pected, there were definite signs of 

Table IV 

Typical Assay of Preparalion of Unknown Potency 
Groups I to IV received doses which appeared to contain, on the basis of chemical 
titration, 0 2, 0 225 , 0 25, and 0 275 mg of ascorbic acid, respective!} The bio 
assa} indicates that Group III received the critical dose of 0 225 mg dad} 

The results arc evpressed in phosphatase units 


Aounal I 
No ^ 

1 

Group I j 

Group II 

Group ni 

Croup 

0 time 

5 days j 

0 time ^ 

5 days 

0 tune 1 

S<J»s ' 

0 time 

Sdiyv 

1 

3 1 1 

1 6 

2 3 

0 3 

2 5 

i 

I 5 

8 2 

2 ! 

4 6 

0 8 

1 6 

2 8 

4 0 

S 8 

1 S 

S 4 

3 

5 4 

4 2 

3 S 

2 3 

3 4 

6 6 j 

3 0 

10 1 

4 

0 S 

Died 

4 7 

4 7 

1 2 7 

3 1 

4 2 

6 9 






CntiCBl dose | 




scuno accompanied by slight healmg and a concomitant rise in the phos 
phatase level It w ould appear therefore that the change in phosphatase 
IS one of the first stages m the correction of the pathological condition 


DISCUSSION 

Comparison of Prcventtie and Curative Methods — To adapt the changes 
m serum phosphatase that accompany scuny or that result from the 
treatment of scurv} to a method for the bioassa} of ascorbic acid, it was 
felt that the curative method offered greater possibilities than thepre- 
\entne method The cuiative method requires but 5 dais, once a supp y 
of “scorbutic” (low serum phosphatase) animals is available, while t e 
preventive method involves a testmg peiiod of 18 to 24 davs Not on } 

•lundlv carried out by Dr Sidne} Farber of the Children’s Hospitaland Harvard 

Medical School, to whom we express our thanks 
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does this mem that, mth a supplj of scorbutic animals on hand, the 
curative test is less time consuming but that the chances of losmg animals 
during the test period by inamtion and mtercurrent infection are negligible 
This lias found to be of considerable concern mth the preventive method, 
since frequently a large percentage of a group was lost durmg the test 
penod For the curative method animals can be selected so that they 
have Imiered phosphatase levels but are not m such poor condition that 
thej cannot sunuie another 5 days Doubtful animals should not be 
used This assures better statistical data on the completion of an assay 

Frequentlj it is difficult to adapt guinea pigs to the powdered scorbuto- 
genic diet and for several days they refram from eatmg Durmg this 
penod there is a sharp drop m serum phosphatase even if ascorbic acid is 
administered (2) This influences the preventive assay earned out on 
such animals In the curative method animals are used iihich have 
alreadj' become adapted to the ponder diet and therefore this variable is 
elumnated 

There is considerable vanation among the animals with respect to the 
imtial serum phosphatase level nhich vanes from about 12 to 35 umts 
(Figs 3 and 4) There is also considerable variability in the rate of 
decline of the serum phosphatase level, in normal ammals due to age and m 
animals on the scorbutogemc diet to the drop due to mcipient scurvy super- 
imposed on the normal decline due to aging Some groups of animals 
on the scorbutogemc diet attain a level of 3 to 5 umts in 15 to 18 days, 
while other groups do not reach this level until after 25 days Variations 
such as these make it practicallj'- impossible to use the preventive method 
effectively 

Factors Which Might Influence Curative Method Fasting — It was found 
m a previous study (2) that ammals frequently refused to eat the pow deied 
diet for several days and in spite of the administration of ascorbic acid 
showed sharp decreases m serum phosphatase Usually, as has been 
pointed out, by the time the ammals are ready for the assay they have 
learned to eat the diet On the other hand, it is well known that the 
intake of the scoibutic ammal is much smaller than that of the normal 
animal and this vanes from animal to annual It has been suggested bj 
Bodansky and Jaffe (6) that fastmg lowers the serum phosphatase of do^, 
therefore an experiment was undertaken to determine whether fasting 
would mfluence the phosphatase response of scorbutic annuals to ascorbic 
acid Food was elumnated but water was available to the animals at all 
times No differences in phosphatase response could be determined be- 
tween noimally fed and fasted animals It appears therefore that the 
refusal of some ammals to eat during the curativ^e period would not influ- 
ence the results of the bioassaj 
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Cod Liver Oil Feeding — ^In view of the observations (unpubhshed results) 
that the feeding of fat or cod liver oil to rats results in markedly elevated 
serum phosphatase levels and the withdrawal of fat leads to lowered levels 
(7), it was desirable to determme whether the withdrawal of cod hver oil 
from the preparative diet as well as from the diet during the curative 
period, or its excessive administration during thege penods, would in- 
fluence the serum phosphatase response to ascorbic acid The results 
of such experiments mdicated that there is no appreciable effect on the 
phosphatase response, although many of the animals suffered acute m 
testmal distress and died when excessive fat or cod hver oil vas adminis 
tered On the other hand, the withdrawal of cod liver oil, which is a more 
probable occurrence than excessive fat feeding durmg the assay penod, 
resulted m no difficulties vhich would influence the assay 

Since rickets is one of the few nutntional disturbances which are known 
to affect the serum phosphatase and smce rickets is accompanied by an 
mcrease m the serum phosphatase level (8), an experiment was earned out 
to determme whether there were any abnormahties in phosphatase level 
m gumea pigs fed a rachitogemc diet (u s p XI, Diet 2) dunng the prepar- 
ative and curative penods of the assay No comphcations were apparent 

Age of Animals — Experiments were carried out to determme the influence 
of the age of the test animal on the results of the assay, smce it seemed 
likely that young animals might be prepared foi assay m a shorter tune 
For most of the experiments 6 to 7 w'eek-old animals weighmg 250 to 275 
gm were used In the followmg experiment animals of 4 to 5 weeks 
weighmg 175 to 200 gm w ere put on the same regimen as the larger ammals 
and another group which had been reared on the scorbutogemc diet sup 
plemented wuth ascorbic acid and had attamed a w eight of 400 to 450 gm 
was also studied This procedure was necessarj^ for the larger animals, 
smce normally reared large ammals mvanably refuse the powder diet 
It was found that the smaller animals wmre not as desirable for assay 
purposes because of the vanability of the mitial phosphatase level, and the 
irregulanty of the declme m phosphatase level accompamed by severe 
manifestations of scurvy, resulting m high mortaht}^ among the test 
animals On the other hand, no difference m cntical reqmrements was 
observed The older animals (400 to 450 gm) were found to require a 
\erj long preparatory period but eventually the phosphatase level fell 
to the desired pomt and the response was practicalh' identical wnth that 
for the 6 to 7 week-old animals 

Reuse of Animals — In several instances animals w'hich had been use 
for one assay were put back on the scorbutogemc diet for a penod of 5 to 
7 days and then used agam for assay purposes In this short preparatoty 
penod the phosphatase value usually fell to the desired level and e 
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animals sei ved perfectly m ell for a second assay On repeated assay mth 
the same animals it was found that there was a shghtly smaller require- 
ment, 0 2 mg instead of 0 225 mg in a few mstances It is suggested that 
animals not be used for several assays unless controls mth pure ascorbic 
acid are run simultaneously 

Specifictltj of Assay Method — ^From previous work it was mdicated that 
no scorbutic animal failed to shoi\ an increase in serum phosphatase after 
ascorbic acid therap}' Other conditions (8) are knonm to affect the serum 
phosphatase lei el and it u as desirable to determme whether the adrmnistra- 
tion of ascorbic acid Mould produce an increase in serum phosphatase m 
conditions other than scunv Since gmnea pig material of this sort is 
limited, a large group of children suffenng from vanous disorders at the 
Children’s and Infants’ Hospital, Boston, M’as studied Cases of nutn- 
tional disturbance, especially. Mere selected Serum phosphatase Mas 
determmed before and after ascorbic acid therapy In no condition other 
than scurvy m as there an mcrease in serum phosphatase due to ascorbic 
acid treatment It Mould appear that there probably are no common 
pathological conditions that Mould seriously mfluence the mterpretation 
of the assay by the curative method, especially if adequate numbers of 
animals are used 


Proposed Method 

A group of tMelve to sixteen animals (6 to 7 weeks old, weighmg 250 to 
275 gm at the start of the expenment) uhich have been on the scorbuto- 
gemc diet for a penod of 18 to 25 dajs is selected and the serum phos- 
phatase estimated and separately recorded for each If the phosphatase 
levels are m the range of 3 to 5 umts (animals Mith lower values may be 
used), the animals are divided mto three or four groups of four animals 
each (A greater number or larger groups may be used if desued Groups 
of three to five animals have been found adequate ) 

Sample — ^A chemical estimation of the probable ascorbic acid and dehy- 
droascorbic acid content of the unknoivn is carried out by 2,6-dichloro- 
phenol mdophenol titration (9) Each annual of the respective groups is 
fed daily a quantity of the sample equivalent to either 0 2, 0 225, 0 25 mg 
(and 0 275 mg if a fourth group is used), as determmed by the titration 
On the 5th day aftei the first dose the animals are bled and the serum 
phosphatase determmed 

Interpretahon — Any groups m Mhich 50 per cent or more of the animals 
shoMS a decrease m serum phosphatase and m M’hich the other animals 
of the group shoM’’ no significant mcrease have been receivmg less than 
0 225 mg of ascorbic acid daily If most of the animals show an mcrease 
and some show no extensive change, the group has been receivmg the 
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cntical dose of 0 225 mg If all show marked mcreases, the critical level 
may have been exceeded If only one animal shows an mcrease while 
all the others show a decrease or are imchanged it should be neglected 
Increases of about 10 per cent should also be disregarded m view of the 
probable error of the estunation A typical assay of a preparation which 
has antiscorbutic activity is shoini m Table IV An assaj of an mactive 
preparation is shown m Table W 

Notes — For the qualitative determmation of antiscorbutic properties 
a quantity of sample contammg 10 to 20 times the minmnal dose of 0 225 
mg IS administered daily to a group of three to four “scorbutic” anunals 
and after 5 days the serum phosphatase is determmed There should be 
no mcreases m the phosphatase level if the sample is mactive 

A control assay with pure ascorbic acid should be earned out for any 
new stocks of ammals For best results, controls, three to four animals 
on doses of 0 2 and 0 225 mg per day, should be mcluded m each assay or 
each group of assays run simultaneously 

Assay of Some Compounds for Anttscorbuhe Potency 

To test the vahdity and specificity of the method for the assay of anti 
scorbutic substances a number of substances of known punty, known, and, 
m some cases, questionable potency were assayed by the newly devised 
curatne method of assay All figures are based on the results obtained 
usuallj with groups of five anunals for each dosage tested In cases of 
questionable substances larger groups of animals were used At the same 
time that these assays were bemg earned out, pure 1-ascorbic acid ivas 
repeatedly assayed 

Dehydroascorbic Acid — The antiscorbutic potencj of dehjdroascorbio 
acid has been the subject of considerable con trovers}' While it has been 
\ ariously reported as havmg “practically the full potency” of the parent 
substance (10-12) few actual data are presented ICing (personal com 
mumcation) states that dehydroascorbic acid has been found to have 
“80 to 90 per cent and certainly not less than 75 per cent” of the activity 
of Z-ascorbic acid On the other hand, Roe and Bamum (13) found it 
to be onl} one-quarter as active Borsook et al (12) explain this dis- 
crepancj on the basis of the methods used by Roe and Bamum In the 
present assay, dehydroascorbic acid was freshly prepared by iodine oxida- 
tion and adrmmstered daily immediately after preparation Doses vary - 
mg from one-half to tivice the theoretical cntical dose of 1-ascorbic acid 
were given and it was found (Table V) that dehydroascorbic acid has 80 
per cent of the activity of the pure vitamin This is, therefore, in agree- 
ment with the assay as earned out by other methods 

d-Glucoascorbic Acid— This analogue of ascorbic acid was obtained from 
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the Eastman Kodak Companj Previously it has been reported as having 
no antiscorbutic activity, even in 40 times the nummal dose required of 
f-ascorbic acid (4) An assay was carried out with it ui doses up to 40 tunes 
the critical level for l-ascorbic acid and it was found mactive (Table VI) 
d-Isoascorhic And — ^This was a sample obtamed from the Eastman 
Kodak Company It has been reported as having one-twentieth the 
actmty of 1-ascorbic acid (14, 15) It was assayed bj' the new curative 


Table V 

Summary of Assays of Forious Substances and Comparison uitfi Reported Antiscorbutic 

Potency 


SubsUnce 

Antiscorbutic potency per cent of 1 ascorbic aad 

Reported 

Found 

l Ascorbic acid ' 

Full potcncj 

Pull potencv 

Dehjdro 1 ascorbic acid 

25 to about 100% {10-13) 

80% 

d Isoascorbic acid 

5% (14. 15) i 

5-7% 

d Glucoascorbio acid* 

None (16) i 

None 

2 Kotogulonic aoidt 

Questionable (17, 18) j 


Iron ascorbate 

“ potency (20) j 

Equivalent to ascorbic 
acid in complex, co 80% 


* Giien in 40 times the critical dose for I ascorbic acid 
t Given in 30 times the critical dose for I ascorbic acid 


Table VI 

Effect on Serum Phosphatase of Feeding d Gtucoascorbic Acid,* Having ffo Antiscorbutic 
Activity, to Scorbutic Guinea Pigs 


The results are expressed in phosphatase units 


Animal Ivo 

Curative pcnod 

0 day 1 

1 5 days 

1 10 dsys 

1 

3 8 

1 

1 9 

i 

1 6 

2 

6 6 

4 5 

2 3 

3 

5 5 

6 3 

1 6 


* A dose equal to 40 times the critical level of l-ascorbic acid 


method and found to have between one-fifteenth and one-tuentieth the 
activity of f-ascorbic acid 

S-Ketogulomc And— This compound, which is an mteimediate m the 
techmcal synthesis of Z-ascorbic acid and is the stable leductant of 2,3- 
diketogulomc acid which results from the openmg of the lactone rmg of 
ascorbic acid, has been reported bj Ball (17) as questionabb antiscor- 
butic and has no ability to regenerate ascorbic acid, it has also been 
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reported by Lorenzim and Corbellim (18) as inactive A sample ot2- 
ketogulomc acid ivas obtained (through the courtesy of Professor E C 
Hockett, Massachusetts Institute of Technology, to whom we express our 
thanks) and the amount of ascorbic acid present in the sample was deter- 
mmed by 2,6-dichlorophenol indophenol titration There was such a 
small trace that up to 30 times the critical dose (6 75 mg ) could be given 
mthout admmistration of significant amounts of Z-ascorbic acid It was 
found on assay that even m this large dosage it has no apparent antiscorbu- 
tic activity The presence of 2,3-diketogulonic acid m the preparations 
of dehydroascorbic acid of Roe and Bamum (13) probably explains the low 
potency reported by them for dehydroascorbic acid 

Complex of Iron and Ascorbic Acid — ^This compound knowm as “ferro- 
ascorbate” has been described (19) and has been reported as antiscorbutic 
(20) A sample was freshl}'^ synthesized (21) (mth Stewart Roe) and 
carefully punfied bj repeated selective extraction so that it contained no 
free ascorbic acid The black powder, which gave intensely blue solutions, 
was studied chemically (to be reported) and found to contain 18 5 per cent 
Fe Solutions of the complex were freshly prepared immediately before 
admmistration and assayed according to the new method It was found 
that the complex is antiscorbutic and that its activity is comparable to the 
amount of ascorbic acid in the complex 

Effectiveness of Various Methods of Administration of Ascorbic Acid 

The assay method has been applied to a study of the relative effective 
ness of oral and parenteral admmistration of ascorbic acid The inactiva- 
tion of ascorbic acid by mtestinal bacteria in vitro is well knowm but few 
data are available on the loss of ascorbic acid when given by mouth Hou 
(22) has reported that ascorbic acid given bj mouth is one-half as active 
as when given subcutaneously 

In the following experiment four series of animals were studied One 
senes leceived varying doses bj' mouth as in the usual assay procedure, a 
second w^as injected subcutaneouslj , a third intrapentoneally, and a fourth 
mtracardially The results of the expenment suggest that theie is an 
apparent lo'^s of approximate!}' 27 per cent w hen the vitamin is given by 
mouth, smce the critical level of ascorbic acid required to maintain the 
phosphatase level when the vitamin is injected subcutaneously or intra 
pentoneally is onlv 0 165 mg per day The results of repeated assays 
on the animals given intracardiai injections were extremelv irregular 
Many aramals showed the same lesponses as those recemng subcutaneous 
injections but manv show'ed no increase This may perhaps be explaine 
bv assuming that excretion of ascorbic acid by some of these anima s 
receiving the vitamin directlv mto the blood may be much more npi 
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than w hen it is given orally, subcutaneously, or intrapentoneally How- 
ever, there is no experimental basis for this assumption at present 

SUMMAEl 

A new bioassay for ascorbic acid is described, based upon the increase 
in serum "alkaline” phosphatase of scorbutic gumea pigs observed after 
a critical dose of ascorbic acid is administered 
The X anous factors which might mfluence the assay have been studied 
Substances of known and questionable potency as determmed by other 
methods, such as dehydroascorbic acid, d-glucoascorbic acid, d-isoascorbic 
acid, 2-ketogulomc acid, and iron ascorbate, have been assayed 
A stud 3 ' his been made of the relatix e effectiveness of oral and parenteral 
admmistration of ascorbic acid which suggests a loss of 27 per cent when 
the vitamin is fed b}’’ mouth 
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THE CHEMICAL DETERMINATION OF THIAMINE AND 
COCARBOXYLASE IN BIOLOGICAL MATERIAL* 
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The identification of substances m urine nhich interfere with the Pre- 
biuda-McCollum reaction for thiamine and the deimlopment of procedures 
for their elimination made available a simple colorimetnc method for the 
chemical measurement of urinary thiamme (1) The present work de- 
senbes the results obtamed with this method when apphed to other biologi- 
cal matenal feces, hver, muscle, dehydrated tissues, and cereal 

Some of the methods already available for the estimation of thiamme 
and coc3rbo\3'lase in such biological materials are based upon biological 
reactions Thus, the effect of thiamine and cocarboxylase on carbon 
dioxide production by Aitozymase (2, 3) and the effect of diphosphothiamme 
on the oxidation of p3TUvate by Bacillus delbruchi (4) have been used to 
measure the \ itamm and coenz3Tne The thiamme m leces (5) and tissues 
(5)‘ has been determined also by measurmg its effect on the fermentation 
of certam strams of 3 east, m this method tissue cocarbox3dase was first 
converted into free thiamme bj' mcubation with taka-diastase Other 
methods mvolve chenucal reactions (6, 7) m which thiamme and cocar- 
bow lase are oxidized to thiochrome and thiochrome diphosphate, the 
fluorescence of which is measured b3 a fluorometer Free thiamme and 
its phosphor3 lated forms are differentiated by their different solubiht3'' 
in isobut3 J aicohol 

The difficulties of, and objections to, both the biological and thiochrome 
methods of thiamme measurement have been discussed in detail m an 
earlier communication (1) It should be noted that much of the confusion 
concermng the exact relation between thiamme and cocarboxx lase in 
biological matenals has arisen out of the use of biological methods of 
assay (8, 9) 

More recentl3 , thianune has been measured b3^ means of the Prebluda- 
McCollum reaction or other chemical reactions in which thiamme is 
coupled with diazotized organic compounds This reaction has been 
applied to urme (1, 10), milk (11), sw eat (12), and extracts of nee pohslungs, 

* This investigation has been aided bj a grant from the Josiah Xlaej, Jr, 
Foundation 

I Porrebee, J K , cl al , personal communication 
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wheat genn, yeast, and hver (13) The complexities involved m extraction 
and ehmination of mterfermg substances m the methods previously used 
have greatly limited theu- usefulness Consequently, it vas considered 
desirable to study the apphoabihty to these matenals of the sunplified 
method already developed for measunng thiamme in unne (1) 

Method 

Thiamine and Cocarboxylase in Fresh Tissue — Analyses were made on 
hver, kidney, and muscle of dogs, some of which received daily mtramus- 
cular injections of thiamme hydrochloride m amounts of 2 0 mg per kilo 
for from 4 to 10 days before they were sacrificed All determinations were 
on tissue biopsies or on matenal taken immediately after death from 
bleedmg or air embolus 

For the measurement of free (non-phosphorylated) thiamme, an ahquot 
of tissue (5 to 20 gm ) was placed m approximately 150 cc of boding 
dilute h} drochloric acid and boiled for a few mmutes m order to inactivate 
tissue phosphatases The tissue was then minced and thoroughly ground 
m a mortar or dispersed in a Warmg blendor The mixture was adjusted 
to a pH of approximately 2 with dilute hydrochloric acid and incubated 
overnight at 40° with 1 0 gm of pepsin, longer incubations were found 
unneoessarj' The muxture, which was almost completely liquefied bv 
the pepsin, was analyzed by the procedure previouslj reported for uiine 
(1), except that a single treatment of the material with Super Filtrol was 
alw ays sufficient to msure complete adsorption of the thiamine 
“Cocarbox'jdase” determinations were made on an aliquot of the same 
tissue which was prepared in the usual way The pH was adjusted to 4 5 
to 5 0, and taka-diastase,- 01 gm per gm of fresh tissue, was added 
The mixture was incubated overnight at 40° In this waj’’ phosphoo'lated 
thiamme, which cannot be measured directly by adsoiption and coupling 
w as diazotized p-aminoacetophenone (10), is converted quantitatively into 
non-phosphorylated thiamme which can be measuied together with the 
already existmg fiee thiamme The phosphorylated thiamine, which we 
term cocarboxylase (thiamme monophosphate has not been shown to exist 
m animal tissue), represents the difference between the values for the 
free and total thiamme thus obtained 

Total Thiamme in Dehydrated Tissues' and Cereals — Dried powdeie 

* Clausen and Brow n (14) claim that taka diastase maj , under certain conditions, 
give incomplete splitting of eocnrboxylase and that Polidase (Schwertz Laborntor) , 
Inc , \cw tork) is better Under the conditions of our experiments, taka las as^ 
splits a pure solution of cocarboxylase complctelj and equals the splitting power 

Polidaso on cereals , f 

» We are indebted to Dr C A Ehehjem who kindlj furnished us w itli samples o 

delijdrnted tissues 
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tissue was susiiended in dilute hydrochlonc acid and finely dispersed in a 
AVanng blender Some determinations were made after the tissue had 
been subjected to digestion \nth pepsin Incubation ivith taka-diastase 
was earned out in all analj'scs in the usual manner Cereals were handled 
in the same w i \ , c\copt that the samples w ere cooked m dilute hydrochloric 
acid for 10 minutes before incubation with pepsm and taka-diastase 
Longer heating was found unnecessary 

Thiamxnc ni Fcccs — Human feces were collected in a jar contaimng 40 
cc of 10 per cent hydrochloric acid and 10 cc of toluene The total 
24 hour stool was transferred to a mortar and w'as thoroughly dispersed 
in 300 to 800 cc of water The mivture was weighed and stirred, and an 
adequate aliquot (bi weight) was taken for analy^sis This w'as transferred 
quantitatii eh to a 250 cc ccntiifugc flask, and sufficient water was added 
to make an approximate volume of 100 cc The mixture w'as then centri- 
fuged, and the supernatant was decanted into another 250 cc centrifuge 
flask The centrifugate was thoroughly washed twice with a total of 50 
cc of water, and the waslungs were combined with the onginal extract 
The thnmine determinations were then made as previously desenbed 
forunne (1) 

Results 

Critique of Method — Prelimmary experiments indicated that grindmg 
tissues in a mortar or fine dispersion with a Waring blendor resulted in 
maximal extraction of the thiamine Gnnding the tissue with sand gave 
no increase in thiamine values 

Duplicate analyses on aliquots of fresh and dehydrated tissues and on 
samples of feces and cereals showed good reproducibility (Table I) 

Dehvdrated tissue w^as used to see whether there was any' relation 
between the amount of tissue analyzed and the apparent tluamine con- 
centration or between the amount of known thiamine added and the total 
thiamine detected (Table I) The amount of thiamine obtained per gm 
of tissue appeared independent of both the amount of tissue taken for 
analy sis and the amount of known thiamine added to an aliquot Further- 
moie, the density of color obtained by analysis of multiples of the same 
tissue sample, w hen plotted against the amount of tissue taken, could be 
exactly superimposed on a similar curve obtained with multiplevolumesof 
a standard thiamine solution 

Pepsm has been used by other w orkers (7) to insure complete liberation 
of thiamine from tissue protein to which it might be bound Expeiiments 
in which the thiamine measurements after pepsin digestion of the tissue 
weie compared with analyses on aliquots of the same tissues without 
pepsin digestion throw doubt on the necessity for such treatment (Table 
II) Nevertheless, some of the following data for free thiamine hav e been 
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obtained ■with pepsin digestion of the tissue before analysis E\cept 
where indicated, such treatment was omitted in analyses for total thiamme, 


Table I 

Duphcahilily of Thiamine Determinations 


Material 

Weight 

Thiarame 
chloride 
per gm 

Deviation 

from 

mean 

Matenal 

Weight 

Thiamim 
chloride 
per gm 

e Deviation 
from 
mean 


gm 

■1 

per cent 

i 


Y 

per cent 

Fresh dog tissue 


H 


Cereal 




Liver 

9 1 

mm 

+4 7 

Ralston 

2 0 

4 2 

-12 5 


8 9 


+7 1 



4 4 

-7 5 


10 8 

Da 

-7 9 


4 4 

5 0 

+5 0 


8 1 

1 35 

-7 1 


4 4 

5 1 

+7 5 

Muscle 

11 3 

0 62 

-1 6 


4 4 

5 0 

+5 0 


11 3 

0 64 

+1 6 


4 4 

5 1 

+7 5 

Liver* 

4 6 

3 04 

+1 3 


4 4 

4 9 

+2 5 


4 6 

2 86 

-5 3 


4 1 

4 4 

-7 5 


4 6 

2 82 

-6 0 


5 0 

4 9 

+2 5 


4 6 

3 07 

+2 3 


5 0 

4 9 

+2 5 


4 6 

2 90 

~3 3 

Cerewmt 

1 0 

16 6 

-9 8 

((* 

9 6 

2 SO 

+1 0 


1 0 

18 9 

+2 7 


7 8 

2 45 

-1 0 


1 0 

19 1 

+3 8 

fl 

10 2 

1 64 

-0 6 

j 

1 0 

19 1 

+3 8 


11 8 

1 66 

+0 6 

Human feces 




Muscle* 

7 6 

1 81 

+5 8 

Sample 1 


1 86 

+5 0 


6 0 

1 61 

-5 8 



1 71 

-5 0 

Dehydrated tis- 




" 2 


1 06 

-2 8 

sue 






1 12 

+2 8 

Pork loin 

0 2 

16 3 

+5 4 

“ 3 


1 04 

-2 8 


0 5 

15 0 

-3 1 




+2 8 


1 0 

15 4 

0 






1 0 

16 4 

-6 1 






2 0 

15 6 

+0 8 






2 0 

15 7 

+1 6 






2 0 

14 4 

-6 9 






4 0 

14 4 

-6 9 





“ ham 

1 0 

24 0 

+2 5 






2 0 

22 8 

-2 5 





Veal 

2 0 

1 07 

-9 1 






2 0 

1 07 

-9 1 






4 0 

1 55 

+32 0 






4 0 

1 01 

-13 1 








' The animals received thiamine intramuscularly for se\ eral da} s before biopsy 
or death 

■f Lederle Laboratories, Inc 

Since incubation with taka-diastase resulted in satisfactorv liquefaction 
of the tissue, and prelimmary pepsin digestion failed to increase t le } le 
of thiamine 
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The recoicrj of added fluamme* for kidney, liver, and dehjdrated 
tissues M-as between 80 and 110 per cent (Table III) The somewhat 
low er jnclds in some analj'scs of muscle arc difficult to e\plam m view of the 
evcclicnt results of similar experiments on dehydrated muscle tissue, 

Tadli. II 


Effect of Pepsin Digestion on Mcasurahlc Tissue Thiamine 


Tissue 

Thiamu 

WjUipepsm 1 

le content 

Witbout pepsm 


•t tor tn j 

y per {n 

Dog h\cr* 

1 1C i 

1 20 


1 35 

1 33 

» .. 1 

Odr i 

0 13 

“ muscle* 

0 8D : 

0 70 

<1 <1 j 

0± ' 

0 04 

Pork, dehjdrated* 

22 8 

24 0 

Veal, 

1 56 

1 07 


1 01 

1 07 


‘Analjsis for total thianuno 
t Analjsis for free thinmino 


Table III 

Rccoicry of Added Thiamine 



1 

MAterut 

! 

ho of 

Amount of 
matena^ 

Recovery of added thiamine (26 7) 

No of detenninattons 


catioD) 

90'UO 
per cent 

per cent | 

percent 

6a-?o 

per cent 

Fresh tissues 

Dog liver 

25 

3 3-46 0 

14 

11 

0 

0 


“ kidney 

13 

2 0-78 

9 

4 

0 

0 


“ muscle 

19 

5 0-24 0 

4 

7 

1 ® 

2 

Dehydrated 

Pork loin 

7 

0 2-20 

7 


0 

0 

tissues 

*' ham 

2 

10-20 

2 

0 

0 

0 


Veal 

! 3 

2 0-40 

3 

0 

0 

0 


Beef 

1 

6 0 

1 

0 

0 

0 

Cereals 

Ralston 

i 8 

12 0-50 

7 

1 

0 

0 


Ccrevim* 

4 

1 0 

3 

1 

1 0 

0 

Feces 


23 

1 0-16 Ot 

5 

i 13 

4 

1 


* Ledcrie Laboratones, Inc 

t Feces of two patients who received thiamine orally 


possibly the removal of fat in the process of dehydration of these tissues 
may account for the better yields The sbghtly lower recoveries on some 

* Thiamine hydrochloride W'as added immediately after the tissues had been ground 
and dispersed 
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specimens of feces maj^ also be due in part to their relatnely high fat 
content The recoierj of thiamine added to fresh tissue, cereals, and 

Table IV 


Tissue Thiamine and Cocarboxylase in Dogs 


Tissues 

Free thuEune 

Cocarboxsiise 

Total thuaine 


T Pf t" 

rpercn 

yptrt” 

Liier 



0 60 

f( 



0 74 

(t 



0 51 

tt 



0 39 

tt 



1J26 (0 70) 

Muscle 



0 35 

<C 



0 62 

tt 

0 07 

0 49 

0 56 (0^1) 

Kidney 

0 21 

j 1 58 

1 79 


Thianune administered pnrenterallv daily for several days before analyses 


Liver 



1 SO 




2 13 

<1 



2 69 


0 55 

3 29 

3 Si 

tt 

0 13 

2 47 

2 60 


0 27 

1 44 

1 71 




2 70 


0± 

1 62 

1 52 

“ 

0 11 

1 97 

2 OS 


0 21 

1 SO 

2 01 

tt 

0 16 (0^) 

1 48 (2 00) 

1 64 (2 25) 

Muscle 



1 50 


0 2S 

1 45 

1 73 

<. 

0 07 

2 13 

2 20 

If 



1 70 

tt 

0± 

2 56 

2 56 

tt 

0 2S 

2 74 

3 02 

It 

0 10 (0 15) 

1 60 (2 10) 

1 70 (2 06) 

Kidney 

0 50 

2 87 

3 37 

If 

0 79 

1 71 

2 50 

(C 



2 35 

tt 

0± 

2 24 

2 24 

tt 

0 14 

1 96 

2 10 

tt 

0 52 

1 41 

I 93 

tt 

0 35 (0 38) 

I 87(2 01) 

2 22 (239) 


The figures in parentheses represent the averages 


feces appeared to have no relationship to the amount of material taken 
for analj-sis 
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Thtamuic and Cocarhoxtjlasc Content of TissKc— The total thiamine 
content of dog kidnej', In or, and muscle (Table IV) averaged respectnely 
1 79, 0 70, and 0 51 y per gm of fresh tissue of animals which had not 
rcccncd supplcmentarj amounts of the vitamin This is m agreement 
wath the obseta alions of others The values were much higher in animals 
gn cn daili intramuscular injections of 2 0 mg of thianune per kilo for 
seicral daj-s before anal3'sis The muscle and liver values were about 5 
to 4 times greater than those of untreated ammals, and the values m all 
three tissues examined were about equal to one another 
The free, or non-phospliorj lated, thiamme of fresh dog tissue repre- 
sented 7 to IG per cent of the total thiamme The ratio of free to total 
thiamine was greatest in the kidnej' 

The anab’ses on dehj'drated tissues (Table I) show an extremely high 
thiamme content for pork ham and a fairlj' high value for pork loin The 


Table V 

Comparative Thiamme Analyses by Thioehromc and Colormctnc Methods 


Malena^ 

Thiamme conlrnl 

Tbiocbromc method 

Colorimetric meUbod 


j y ptr itn 

T f " im 

Pork ham, dehydrated 

2S 6* 

23 5 

" loin, “ 

17 3* 

15 3 

Ralston cereals 

5 8 

4 8 

Ccrevim 

21 2 

19 1 

Standard thiamme solution 

20 0* 

20 0 


• Analyses by Professor Elvehjem 


values for veal are much lower Although these results are m agreement 
with those of other observers who find that pork lorn and ham are excellent 
sources of thiamme, the actual values are approximately 10 per cent 
lower than those obtained on the same tissues by Elvehjem^ and his group, 
who employ the thiochrome method (Table V) 

Thiamtne Content of Feces — ^Human feces were found to contam appreci- 
able amounts of thiamme (Table VI) In one normal subject whose m- 
take of thiamme was between 1 0 and 2 0 mg per day, two 24 hour stools 
contamed a total of 0 20 and 0 32 mg of thiamme The 24 hour stools 
of a patient deficient m the vitamm B group showed only 0 027 mg of 
the vitamm FoUoivmg a 5 0 mg dose given orally, the output of thiamme 
m the stool mcreased considerably In two subjects who received 50 mg 

* We wiah to express our gratitude to Professor Elvehjem for his cooperation in 
these comparative studies 
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of thiamine parenterally daily the stools shoised even larger amounts of 
thiamine 

Thiamine Content of Cereals — ^Total thiairune detennmations on Ralston 
and Cerevim ga\e results slightly lower than the values claimed for these 
products bj their manufacturers (Table V), who employed the thiochrome 
method The discrepancies were of the same order of magnitude as those 
obtamed on dehydrated tissues by the two methods 


Table VI 

Thtamtne tn Human Feces 


Sample No I 

! 

Subject 

Supplemental ihiamtne 

Daily thtamme 
output 

Dugnosis 

i 


mt 

mg 


1 1 

H 

None 

0 03 

Vitamin B defi 





ciency, caret 
noma of bowel 

2 

II 

5 0 mg orally 

0 26 

Same 

3 

M 

None 

0 32 

Normal 



II 

0 20 




50 mg parenterally 

0 82 


4 

L 

SO “ " 

0 42 

II 


DISCUSSION 

The Prebluda-McCollura reaction, m which thiamine is coupled inth 
p-ammoacetophenone, can be used for the determmation of thiamme m 
vanous biological matenals such as urme, feces, ammal tissues, and cereals 
Naturally occurnng substances such as uric acid and ascorbic acid which 
interfere ivith this reaction can be readily eliminated (1), Lhus making 
possible a simple piocedure wherebj' eight or more analyses may be earned 
out m 1 day The duphcability of detemunations by this method is 
within a deviation of ±8 per cent from the mean, except where very small 
amounts, i e less than 2 y of thiamme, are to be measured, m such instances 
larger amounts of matenal for analysis may be taken The analytical 
values for thiamine ivere mdependent of the amount of matenal analyzed 
mthm the hmits desenbed, and the recovery of added thiamme was m most 
instances between SO and 110 per cent For those matenals (fresh muse e 
and feces) in which recovery of added thiamine may occasionally be lower, 
a correction factor may be applied for obtaming the true thiamme content 

The discrepancies of about 10 to 15 per cent between the anabdica re- 
sults obtamed on the same matenal by this method and by the thiochroroo 
method are difficult to explam While there is a shght possibihtj 
the differences are mthin the limit of error of the methods, the dmerenc 
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ire remark iblj constanl and in the sime direction even for such diverse 
mitcnils IS delndntcd tiisiics ind ccrcils The results obtained on a 
stindird (hianiinc solution bj the two methods rverc identical Since 
the results bj this method on biological materials are lower than those 
obtained bj (he (hiochrome method, the question arises whether non- 
tliiinuiic fluorescent substances resulting fiom ovidation with femcj’anide 
are included in amh sas bj the thiochrome method In this connection it 
should be pointed out lint certain investigators (7) found that unless pepsin 
digestion w as used before analj sis bj the thiochrome method, large blanks 
were obtained, prcsamab !3 from (he protein in the tissues 

Objection might be made that inadequate evtraction of the thiamme 
from the material ainlj zed maj' account for our lower values Opposed to 
tins objection is the ob^cn ation that gnnding cereals to a veiy fine powder 
did not increase their thiamine \ alues Also, predigestion of the tissues 
with pepsin faded to gne larger thiamine figures 

Since phosphor! latcd thiamine is not measured by the Prebluda-Mc- 
Collum reaction as carried out in this procedure, the determination of both 
the free and phosphorylated i itamin maj' be accomplished by smiultaneous 
analjsis of an aliquot of the same matenal which has been subjected to 
enzjTnc h 5 droIjsis In the analysis for free thiamine, care must be exer- 
cised to destroj naturall! occurring phosphatases which may, by sphttmg 
cocarbovj'lase before analysis, give values for free thiamme which are 
erroneouslj high This precaution is particularly necessarj when at- 
tempts are made to establish the true ratio betw een free and phosphorjdated 
thianune in biological materials 

The small ratio of free to total thiamme in animal tissues is in agree- 
ment with the findings of other obscrv’crs (7) and lends support to the 
belief that the phi^siologicallj active form of the vitamin is its phosphory- 
lated product Some in\ estigators (3), however, have reported a larger 
ratio in pigeon and rat muscle Ihis can be attributed to naturall!' oc- 
curring phosphatases in these tissues wluch might have split the cocarboxy- 
lase before analysis Such splitting was easily demonstrable in a specimen 
of fresh dog muscle w hich, w hen minced and allow ed to stand se\ eral hours 
at room temperature, showed all of its thiamine to be in the free form 

Other observers have showoi that w hen thiamme is administered parent- 
erallj it is earned to the liver and other tissues, where it is rapidly convei ted 
into cocarboxylase Although the data presented aboie in support of 
this finding are too meager to satisfy the criteria for statistical confirmation, 
our experiments suggest that not only n.re the thiamme values higher m 
the tissues of animals which receiv'e supplementary thiamme, but also 
muscle, kidnej', and liver in such animals are approximately equal in their 
thiamme content Clearly, this relationshiji between the thiamme intake 
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and the tissue thiamine concentration might account for the wide vana- 
tion m the analytical values repoi ted for certain tissues by different observ- 
ers under different conditions An important corollary of this inference is 
that the calculated thiamine content of a diet, based upon reported food 
values, ma^ be subject to enormous error 

The data also indicate the limited extent to which thiamine may be 
stored in the body The daily admmistration of 2 0 mg of thiamine per 
kilo to dogs for from 3 to 8 days before analysis failed to increase the tissue 
hiamme content to much more than 2 7 per gm It is clear that a verj' 
»arge part of the injected thiamine is either rapidlj excreted or broken doini 
in the bod\ 

The piesence of appreciable amounts of thiamine in feces mdicates the 
need for taking into consideration losses via this route of excretion m bal- 
ance studies of thiamine requirements Although some fecal tluamine 
maj aiLSe fiom thiammc-synthesmng organisms in the gastromtestinal 
tract (15), most of it is probably orally mgested thiamme which has not 
been absorbed Ev idence in suppoi t of this is the ob«en ation that the onl 
adniinistiation of 0 0 mg of thiamine wall lesult in an increase in fecal 
thiamine excretion A similar increase also follow s administration of large 
doses of jiarenteral thiamine (50 mg per day) This is probablj a conse- 
quence of “flooding” of the bodj' with the vitamin 

Thiamme a«saj bj animal feeding may also be misleading, in view of the 
occurience of unabsorbed thiamme in feces which may indicate mcomplete 
"extraction,” ev en in the gastromtestinal tract Furthermore, increasing 
evidence of functional interrelationships between various members of the 
B complex and other vitamins makes it imperative that assay bj feeding be 
simultaneouslv and adequately contiolled by the admimstration of the 
same matenal, except for the substance under analysis 

SUMMARY 

1 The Prebluda-McCollum reaction for thiamine has been applied to 
the determination of the thiamme content of animal tissue, gram cereals, 
and human feces 

2 By simultaneously measuring the free and total thiamme on aliquots 
of the same matenal, a value for the phosphorylated or cocarbox} lose frac- 
tion maj also be obtained 

3 Only V ery small amounts of free thiamme can be found in animal tissue 
and it repre'^ents but a small poi tion of the total thiamine 

4 The concentration of total thiamme and cocarboxydose m the tissues 
can be increased somew hat by the pai enteral administration of this v 

5 Significant amounts of thiamme are present in human feces an Csc 
amounts may be increased by the oral or parenteral administration 0 is 
vitamin 
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G The tluaminc \alu{a obtained by this method arc bcUiecn 10 and 15 
per cent lower than tliose obtained iry the thiochromc method 
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FORMATION OF A NICOTINAMIDE-LIICE SUBSTANCE FROM 
VVRIOUS VMINO ACIDS AND RELATED COMPOUNDS 

Br MARIANNA R BOVARNICIC 

{pTom the Division of Lnboralorics and Itcscareh, New } ork Slate Department of Health, 

Albany) 

(Rccei\cd for publication, September 17, 1943) 

It t\as reported prctiously (1) that neutral solutions of asparagine and 
glutamic acid that hate been heated for several daj’S at 100° can replace 
nicotinamide as a groM th factor for certain microorganisms It was later 
reported that biological and chemical assays of the partially isolated active 
reaction product indicated that this substance probably is nicotmamide 
(2) In the hope of elucidating the mechanism of this unexpected reaction, 
further studies as to the most favorable conditions for carrying out the re- 
action and as to the abilitj of various other compounds to replace either 
of the reactants i\erc undertaken and are presented in this paper 

EXPEniMEVTAL 

Assays for Ntcolinamtde Eqiinaknl — ^These assays ere performed as pre- 
4aouslj desenbed (1), b} use of the grouth and acid production of a stram 
of Bacterium dyscnicnac Schmitz, No 3822, on a synthetic medium con- 
taimng asparagine, tr^Titophane, cystine, glucose, salts, and known amounts 
of nicotinamide as the standard The measurement of both turbidity and 
pH allows the estimation of a under range of concentrations than would 
the measurement of either alone, since the former is more sensitive to low 
concentrations and the latter to higher ones The reproducibility of the 
results obtained wnth nicotmamide itself was not much greater than ±15 
per cent m separate expenments, and the accuracy of the assays may be 
eien less when onlj slightly active reaction mixtures are tested, because 
some of the other substances present in the solutions tested affected the 
grow th even m the presence of optimal amounts of mcotmamide 

The results of this method of assay are quantitatively significant only if 
nicotmamide, not nicotinic acid, is always formed m the reaction, smee the 
response of these microorganisms to the acid is quite different from their 
response to the amide, as has been noted by other mvestigators (3) Under 
the conditions used, detectable growth occurs wath the amide at a concen- 
tration of 0 002 y per ml and increases slowly with increase in concentration 
to a maximum at about 0 02 to 0 03 per ml On the other hand, wnth the 
acid, growth is not detectable below a concentration of 0 015 y per ml 
(7 times that required for the amide), then rises abruptly to a maximum 
at nearly the same concentration as with the amide, 0 02 to 0 03 y per ml 
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In general, the concentration-growth curves of the solutions tested resemble 
more closely those for the amide Therefore, the results have been ex- 
pressed in terms of mcotmaimde 

Chemicals— In most cases commercial compounds were used inthout 
further punfication Whenever possible, synthetic lather than natural 
ammo acids vere chosen All the dl compounds mentioned in Tables II 
and III are synthetic, the optically active ones are obtained from natural 
sources Asparagine vas recrj'stalhzed as previoush described (1) Glu- 
tamic acid was treated with charcoal and twice crystallized from water and 
alcohol a-Ketoglutaric acid was prepared as descnbed bj Neuberg and 
Ringer (4) The author is indebted to Dr Marjorie Roloff of Columbia 
University for a generous sample of synthetic prohne and to Dr DaMd 
Rittenberg of Columbia University for the oxalacetic acid and sodium 
diethyloxalacetate 

Formation of Nicotinamide Equivalent — Equimolar quantities of the tiio 
substances to be tested for their ability to form mcotmamide equivalent 
^\ere weighed into 18 X 175 mm test-tubes calibrated at 25 ml , and nere 
dissolved in water The solution was neutralized with sodium hydroxide, 
with brom-thymol blue as an indicator, and made up to the desired volume 
In some experiments given m Table III ammonia w'as used to neutralize 
the solution Generally, the concentration of each reactant was 0 34 w 
and the total volume 5 ml Except where otherwise noted, 0 1 ml of 0 5 
per cent FeSO^ TH-O and 0 15 ml of 0 5 per cent MnSOi 4 H 2 O were added 
for each 5 ml of solution In certain experiments designed to detemune the 
effect of metal salts on the rate of the reaction between asparagme and 
glutamic acid, the salts added were vaned as mdicated in Table I The 
tubes were fitted wnth finger condensers and placed m a constant lei el, 
boding water bath for 48 hours At the end of this penod, the solutions 
w ere diluted to 25 ml and autoclaved for 15 minutes Suitable quantities 
were assayed for mcotmamide activity, at least tw'o different concentrations 
that gave less than maximal growrth being used when possible for each 
solution 

The results are expressed in terms of micromoles of mcotmamide pro- 
duced per mole of ammo acid Although it has not yet been actually 
proved that mcotmaimde is the active substance m all cases, this method 
of presentmg the results has nevertheless been selected as the simplest 
means of companng the amount of growth factor for Bacterium dysenieriac 
formed in the different mixtures 

The highest concentration of each ammo acid tested m the final medium 
was 0 02 M When tested at this concentration (0 02 ai), formation of 8 
micromoles of mcotmaimde per mole of ammo acid wall permit full grow th 
Smce asparagme or glutamic acid, after being heated alone for 48 hours, 



M n BOVAHNICK 


469 


gi\ Q gro\\ til equivalent to as much as 1 5 miciomoles per mole of ammo 
acid, formation of nnj thing less than 2 micromoles per mole is probably 
in-^ignificant All reaction mixtures that gave little or no growth were 
tested also in the iircsencc of added nicotinamide to make sure that in- 
hibitor} subsLanccs were not present Whenever significant groivth iras 
noted m the absence of nicotinamide, the experiment was repeated wath a 
difTcrent «ample of the compound when available In only one case was 
there an\ quahtatn e discrcpancj , natural leucine appeared to yield nicotin- 
amide on heating w ith asparagine, whereas the s}Tithetic compound did not 
Tins was probabl\ due to the usual contammation of the natural compound 
with methionine, the most active of all the amino acids in this reaction 
Qiiantitatueh , the icsults were, however, less reproducible The }aeld 
of nicotinamide from anx gix’cn pair of reactants m duplicate experiments, 
performed at the same time and m the same water bath, showed a variation 
of about ±20 per cent, but in the expenments performed on different days 
it sometimes x aricd from 2- to 3-fold This vanabilitj is probabl} due 
to factors gox cming the reaction velocity, that are not yet understood 

Rcstilts 

The effect of the addition of certain salts on the xelocity of the leaction 
between asparagine and glutamic acid is gix'en in Table I It can be seen 
that the quantity of nicotinamide formed in 48 hours is increased about 
3-fold by the addition of iron and nearly 10 fold by manganese The effect 
of copper is probably insignificant, magnesium, calcium, alummum, chro- 
mium, cobalt, and nickel also had little effect The increase in rate brought 
about by iron is believed to be significant, in spite of the fact that variations 
as great as this w ere obtained in experiments performed at different times, 
since m sex^eral different sets of expenments performed at the same time, the 
rate in each set w as alw ays greater in the presence of iron than in the ab- 
sence of any metal and xvas always still greater m the presence of man- 
ganese In subsequent expenments, both iron and manganese w ere added 
to the reaction mixtures, but it is probable that manganese alone is as 
effective as the combination 

Oxygen is another factor of importance in determmmg the rate of the 
reaction This was noted especially in larger scale expenments run for 
much longer penods m order to obtain as high a yield of active substance 
as possible With a volume of 1 liter, other conditions being the same as 
in the smaller scale expenments, heating for 14 days led to the formation 
of 360 micromoles of nicotinamide per mole of asparagme, whereas xxath 
aeration wath oxygen for the first 4 days, then air, a 9 day reaction penod 
gax'e yields of from 1200 to 2000 (average 1600) micromoles per mole The 
necessity for oxygen might have been predicted from the fact that consid- 
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erable oxidation must occur in the formation of nicotmamide from aspara- 
gme or glutamic acid and neither compound uould be expected to function 
as an oxidizing agent This is also consistent mth the effectiveness of iron 
as a catalyst, although it is less usual to find manganese a good cataljst for 
exudations mu olvmg molecular oxj'gen 
Tuo types of compounds, the naturallj occumng ammo acids and certain 
4- and 5-carbon dicarboxylic acids, were tested for their ability to replace 
either asparagme or glutamic acid in the production of a nicotmamide 
equivalent Tlie results obtamed uuth the ammo acids are giu en, m Table 
II All of these reaction mixtures u ere neutralized unth sodium h j droxide 
None of the ammo acids listed forms a sigmficant quantity of nicotmamide 
uvhen heated uuth glutamic acid This need not implj that asparagine is 
irreplaceable, smee it may be recalled that isoasparagme, heated mth 
glutamic acid, and glutamme alone uere previously found to give some 
nicotmamide actmty (1) These earher results are not quantitativelj 


Table I 

Effect of Metal Salts on Rate of Formation of Nicotmamide from Asparagine and 

Glutamic 4cid 


Salt Added 

\ icotiDAOiide produced in 
4$hn 


perrute 

None 

29 

FeSO< 7H 0, 0 015% 

S7 

MnSO, 4H 0, 0 015% 

260 

CuSO< 6 H 3 O, 0 015% 

41 


comparable unth the others, as the experiments were performed under less 
favorable conditions 

In contrast to the hmited number of closely related ammo acids capable 
of replacmg asparagme is the mde vanety that can replace glutamic acid, 
although only raethionme is as actn e m the reaction asglutamic acid itself 
The compounds m Table II are hsted m order of decreasing ability to form 
nicotmamide equivalent when heated with asparagme 

The results of the expenments vvuth the dibasic acids are presented 
separately m Table III, smee another v'anable was mtroduced m testing 
these compounds In some cases, as mdicated, the reaction mnxtures acre 
neutralized as usual with sodium hydroxide, m others vntli ammonia In 
several mstances the results vmned vnth the base used for neutralization 
The ammonium salts of fumanc, maleic, glutanc, and a-ketoglutanc aci s 
formed about twee as much nicotmamide as did the sodium salts uhen 
heated uath asparagme This difference is beheved to be significant, smee 
the same ratio uas found uhen the tuo salts of glutanc and a ketoglutane 
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acids WTcrc tested nt the line time The slight increase in the rate of the 
asparagine-ghitamatc rciction when ammonia is used lor neutralization 
inaj be insignificant, since onlj one of the two experiments showed a yield 
larger than the highest found when sodium hj droxide was used 

Iabli, II 

Formalwn of Wicoiinamtdc Equiialcnt from Avitno Acids Ideated with isparagine or 

Glutamic tcid 


Nicotinamide produced m *13 hr 


Ammo acid 

A’one 

With 

glutamic 

ftcid 

W ilH asparasme 

Axerage 

No of C5 1 
perimcnts 

Range 


micrcrnales 

muromcles 

mtCTcmoles 


mtcromeles 


ftt mfiU 

ptr m&Ie 

f’cr moU 


per mole 

l Asparagine 

1 0* 





1 Glutamic acid 

1 ot 

1 

210 

0 

130 -270 

dl Methionine 

1 2 

1 s 

250 

O 

150 -350 

dl Proline 

<1 

1 4 

100 

3 

50 -140 

dl Citrullinc 

<1 

<1 

C6 

O 

>10 -66 

dl Ornithine lijdrochlondc 

<1 

2 4 

52 

2 

48 -55 

1 Arginine hjdrochlondc 

<1 

1 0 

13 

1 2 

12-14 

dl Phcnjlnlaninc 

<1 

1 2 

13 

2 

10-17 

1 Hj droxj proIinc 

<1 

1 2 

10 

2 

8-11 

ITjrosino 

<1 

1 4 

10 

3 

8 8- 11 

dl Ljsmc hjdrochlondc 


1 1 

8 

3 

5 7- 12 

dl Serine 

<1 

1 6 

8 

3 

7-10 

dl Threonine 

<1 

<1 

5 

3 

3-10 

dl Alanine 


<1 

<1 



dl Aspartic acid 


1 

<1 



1 Cjsteinc hjdrochlondc 


<1 

<1 



Clj-cine 


1 

<1 



1 Histidine hydrochloride 


<1 

<1 



dl Isolcucine 


<1 

<1 



dl Leucine 


<1 

1 1 



dl Norleucine 


<1 

<1 



1-Trj ptophane 


<1 

<1 



dl Valine 


<1 

<1 




* Average of nine experiments, range <0 4 to 2 6 
t Aierage of five experiments, range 0 6 to 1 5 


Finally, although the sodium salts of none of these acids formed detect- 
able quantities of nicotinamide when heated wath glutamic acid, the 
ammonium salts of several did, namely, aspartic, o!-ketoglutaric, maleic, 
oxalacetic, and mahe acids The reaction mixtures all gate relatively 
low jaelds of nicotinamide and the results are therefore somewhat obscured 
by the fact that the ammonium glutamate controls also formed small 
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amounts that ^\eie appreciably greater than the traces found with the 
sodium salt Ho\\e\er, these ammonium glutamate controls, iihich were 
alwaje run at the same time, consistently showed considerably less nicotin- 
amide formation than did the mi\tures of ammonium glutamate with the 
acids mentioned above No significant increase over the control occurred 

Table III 

Formalion of Yicoiinamidc Equivalent from Sodium and Ammonium Salts of Dibasic 
Acids Heated with, Asparagine or Glutamic Acid 


Eicotiflamide produced m 4S hrs 


Acid 

Base used 
i for neu 


j With glutamic acid j 

1 With BSparagmc 


trahzation 

i 

Alone 

1 A\e 

1 rage 

;no of 
expen 
meats 

! 

1 Range 

Ave 

rage 

No of 
expen 
menu 

Range 



moles 

per 

mole 

micro 

motet 

per 

mole 



micro 1 
moles i 
per \ 
mole 

1 

mtcromoUs 
per mole 

Glutamic acid j 

NHs 

3 6 


3 


320 


260 -390 

dl-\spartic acid 

NaOH 



1 


<1 

H 


(1 t( 1 

NH, 


13 i 

2 

12 -13 

1 1 


10-12 

Fumaric acid ! 

NaOH 


1 8| 

1 


S 5 



(( < 

NH, 

<1 

5 i 

1 


12 

2 

12 -13 

Glutaric acid 

NaOH 


1 1 

1 


9 7 

2 

8 4- 11 

II << 

NH, 

<1 

3 9 

1 


26 

2 

25 -27 

a Ketoglutaric acid 

NaOH 





16 

2 

13 -17 

n u 

NH. 

<1 

10 

2 

9 5-10 5 

34 

3 

24 -52 

Maleic acid 

NaOH 


2 

1 


12 

1 


II II 

NH, 1 

<1 ! 

9 6 

2 ! 

9 -10 

22 

2 

21 -24 

1 Malic acid 

NaOH 


<1 

1 


4 8 

1 


(( ti 

NH, 

<1 

8 B 

3 

6 -12 

4 2 

2 

3 6-48 

Oxalacetic acid 

NaOH 


1 7 

1 


9 

1 


Dietbylovalacetate* 

NH, 

<1 

9 

2 

8 4-96 

11 

2 

11 -11 

Succinio acid 

NaOH 


<1 

1 


<1 

1 


It It 

NH, 

<1 

4 2 

1 


<1 

1 



Values for nicotinanude formation that arc believed to represent significant in 
creases over the controls with either compound alone are given in bold faced tjpc 
’This compound nas added as the sodium salt The reaction mixtures nere 
neutralized at intervals with ammonia to prevent development of an unfavorable 
(1) aciditv owing to liydrolj sis of the ester When tested in the absence of aspara 
gine and glutamic acid 1 mole of NHiCl n as added 

with ammomum succinate, glutarate, or probably fumarate Although 
the ammomum salts of a-ketoglutanc, maleic, ovalacetic, and mahe acids 
were capable of replacmg either glutamic acid or asparagme, none gate 
detectable activitj when heated alone 
Additional experiments have mdicated that, with many of the asparagine- 
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ammo acid mixtures, consideiably more nicotinamide actmtj may be 
produced bj treating A\ith hjdrogen peroxide for 2 daas at room tempera- 
ture, then aufochaing for 15 minutes, than by the 48 hours heating at 100°, 
and under certain conditions c\ cn more than by heating for 10 daj s mth 
aeration Also, mth this hjdrodgen peroxide tieatment appreciable, al- 
though usuallj smaller, quantities are produced fiom man> ammo acids 
and from the ammonium salts of several dicarboxjlic acids alone, m the 
absence of both asparagine and glutamic acid Under suitable conditions 
over 20 micromoles per mole could be formed b}' the action of peroxide on 
asparagine, glutamic acid, citnillmc, ammonium a-ketoglutaiate, or 
methionine, and smaller amounts from hydroxyprolme and the ammonium 
salts of succinic, fumaric, or glutaric acid With methionme and a-keto- 
glutaratc, there i\as exidencc from the shape of the groii th-concentration 
cunes that nicotinic acid rather than the amide Mas formed These re- 
sults have proved even more difficult to reproduce quantitativelj than have 
those mx olvmg heat alone and respond more markedly to the presence or 
absence of metal salts, the response varying Math the compound There- 
fore no detailed description of the experiments can be given 

DISCUSSION 

The large number of ammo acids and related compounds that form easily 
detectable quantities of nicotmaiiude activity on heating Math asparagine 
unfortunately 3 aeld no clues as to the course of the origmally discovered 
reaction betM’cen asparagme and glutamic acid The only compound yet 
found, methionme, that is as actix^e as the latter, could not m any one 
simple reaction even give a common intermediate Among the ammo 
acids, one generalization is obxaous all the terminal substituted 5 carbon 
ammo acids, citrullme, onuthme, prolme, argmme, and hydroxyprolme, as 
Mell as glutamic acid, can take part m the reaction Mith asparagme, and 
these Math the exception of argmme and of hydro xj'piolme, which has an 
additional substituent, are the most active of the compounds tested other 
than methionme In vieM of the marked reactivitj of the latter, it may 
be assumed that the terminal carbon atom of the 5 carbon ammo acids, 
the 5th and 6th carbon atoms of lysine, and the SCH3 group of methionme 
are remox ed, possibly by oxidation, at some stage m the reactions leadmg 
to the active product Honever, if this termmal oxidation is an early step, 
it cannot be one involxnng the formation of any of the 4-carbon non-nitrog- 
enous, dibasic acids tested or of aspartic acid, since all ot these are much 
less active than glutamic acid, methionme, prolme, citiullme, or omithme 
xvhen heated xvith asparagme The actmty of tyrosme, phenylalanme, 
serine, and threonine xvith asparagine is difficult to explam on the basis of 
an}' possible relation to glutamic acid or its decomposition products Hom - 
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ever, the actmt^ of all four is quite low and may possibly be disregarded in 
a consideration of the reaction mechanism 

Aftei it was found that o\ygen is probably required for the reaction, it 
seemed possible tiiat the first steps might involve an o\idation of one of the 
ammo acids to a keto acid, followed by a condensation of the carboml 
group wath the ammo group of the other ammo acid, as postulated for the 
Herbst leaction (5, 6) However, the relativelj' low' activitj of a-keto 
glutanc and oxalacetic acids w’ould seem to preclude such reactions, at least 
as first steps In fact the saturated glutanc acid is nearl}' as active when 
heated with aspaiagme as is a-ketoglutaric acid, and aspartic acid is 
slightlj more actn e than oxalacetic when heated with glutamic acid in the 
presence of ammonia 

The only effectu e substitute for asparagme yet found is another amide, 
glutamine (1) m contrast to the several different compounds that can 
replace glutamic acid, and, as previously discussed, the results obtamed 
with glutamine are open to some doubt owing to the impurity of the sample 
tested The experiments with the dibasic acids listed in Table III would 
seem to indicate that only some compound contaming an amide group will 
be capable of fulh replacing asparagme, since m all cases the sodium salts 
were completely inactive, whereas several of the ammonium salts, from 
which traces of amide might well be formed, showed small but distinct 
activitj It seems probable that the amide group has some essential func 
tion m the reaction other than merely that of leadmg to the formation of 
nicotmamide instead of the free acid Otherwise, the latter should have 
been pioduced in amounts readilj’' detectable by the method of assay used 
in the experiments in w hich replacements of amide or ammonium by sodium 
completely preiented the formation of the active product The nature 
of the function of the amide group is still obscure 

stjmmahy 

It IS shown that the reaction between asparagme and glutamic acid that 
results m the formation of a nicotmamide-hke substance is catalyzed by 
manganese and iron salts and promoted by aeration 

Certam ammo acids and non-mtrogenous dibasic acids have been foun 
capable of substituting for glutamic acid m the above reaction In t e 
order of decreasing activity they are methionme, proline, citrulUne, omi 
thme, a-ketoglutanc acid, glutanc acid, maleic acid, arginme, phenyla e, 
hydroxyprohne, fumanc acid, tyrosine, oxalacetic acid, lysine, serme, 
threonme, and malic acid 

The ammomum salts of a few dibasic acids, aspartic, a-ketogu n > 
maleic, and malic, w hen heated with glutamic acid, produced sma 
of mcotmamide activity although their sodium salts were comp c 
active 
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STUDIES ON THE HEiMORRHAGIC SWEET CLOVER DISEASE 

\II THE ErrECT or / ^scoubic void on the HYPOPROTHROMBI 
NEMIV INDUCED BY 3.3' METHyLE\EBIS(4 HYDROXYCOU 
AI VRIN) IN THE GUINEA. PIG* 

B\ IMLLLVM R SULLIVVN, EDWARD O GANGSTAD, and KARL PAUL 

LINK 

{From the Deportment of Btochcmt^lry, Wtsconstn AgncuUural Experiment Station, 
Vniicrsity of Wisconsin, Madison) 

(Rccei\cd for publication, September 11, 1943) 

TJie duration and extent of the hj poprothrombmemia induced b% the 
anticoagulant and liemorrhagic agent 3,3'-methylenebis(4-hydro\\ cou- 
mann) (1) can be modified in certain rabbits by the administration of 
Z-ascorbic acid (2) and m rats by substances (carvone, chloretone, etc ) 
that accelerate the stnthesis of this ntamin (3) It therefore became 
desirable to detemime n hether similar responses could be observed m the 
guinea pig, smee the ascorbic acid available to this species is subject to 
better experimental control 

Rodenck and Schalk ((4) p 31) had indicated that in some respects 
the lesions of the hemorrhagic sweet clo\er disease of cattle resemble 
those of scun\ According to Macrae (5) Sii A E Wnght held that 
scur %’5 eventuates in a defect of blood coagulability Hess and Fish (6) 
and Presnell (7) reported that the clotting time of whole blood is prolonged 
in scun^' Howeier, little information appears to be available on the 
eflfect of f-ascorbic acid on the mdmduai components of the blood-clotting 
mechanism except foi platelets and calcium which remam unaffected bj 
the vitamm deficiencj The present report therefore includes a stud} 
of the effect of /-ascorbic acid per se on the prothrombm level (or actmt} ) 
in the plasma of normal and scorbutic guinea pigs 

Methods 

The method of estiraatmg the prothrombm level (or activity) and the 
reasons for expressmg the prothrombin responses by simply indicating the 
piothiombm time in seconds on whole plasma and 12 5 per cent plasma 

* Published with the approval of the Director of the Wisconsin Agricultural E\ 
penment Station and supported since July 1, 1940, through special grants from the 
Graduate Research Committee of the University, Office of Dean E B Pred, and the 
Misconsm Alumni Research Foundation, Madison 

Abstracted from a thesis submitted by Dr W R Sullivan to the Graduate Facult\ 
of the University of Wisconsin in partial fulfilment of the requirements for the degree 
of Doctor of Philosophj , July, 1942 
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(1 part of plasma, 7 parts of salme solution) have been given In preiious 
papers of this series ((8, 9) specifically pp 942 and 950-953) The 
thromboplastm ivas prepared from gumea pig biam by the method used 
for rabbit brain thromboplastin (8) Blood samples nere taken by heart 
puncture under light ether anesthesia The 3 , 3'-meth\ lenebis(4-hydro\-> 
coumarin) was given orally m gelatin capsules, the ascorbic acid by pipette 
in freshly prepared aqueous solution The scorbutogemc ration of AYol 
bach and Howe (10) W'as used as the basal ration The 160 gumea pigs 
used in this study were young ammals of both se\es, 4 to 6 months of age, 
rangmg in wnight from 260 to 600 gm The number of guinea pigs u'^ed 
m the different experiments vaned More ammals were always included 
in the scurvy groups than m the others because of the increased likelihood 
of death before the temunation of the experimental penod Unless other- 
wnse indicated, the results given represent an average value of groups of 
SLx or more gumea pigs, selected on the basis of umfomuty m weight 
at the beginning of the experiment The body w^eights of the gumea pigs 
were recorded throughout the course of each expenment, but no useful 
purpose W’ould be served by including them 

EXPERIMENTAL 

Effect of Anticoagulant on Prothrombin Time of 12 5 Per Cent Plasma— 
Twenty-five guinea pigs (average weight 460 gm) maintamed on the 
Wolbach and Howe ration, supplemented with 2 mg of f-ascorbic acid 
daily, were fed 5 mg of 3,3'-methylenebis(4-hydrox-jcoumann) Since a 
typical response curve for whole gumea pig plasma has already been pub 
lished^ (see (9) Fig 2, p 945) , it will suffice to indicate the ai erage prothrom- 
bin time of the 12 6 per cent plasma, along wnth the standard denations 
at each pomt of samphng 

The prothrombin time of the normal 12 5 per cent plasma was 52 seconds 
(±4 0) The anticoagulant prolonged the time to 76 seconds (±80) m 
24 hours and 85 seconds (±13 0) in 36 hours Bv the 48th hour the tune 
dropped to 69 seconds (±10 0), while approximateh normal \alues were 
restored in 72 hours 

The response of individual gumea pigs to a standard dose of the anti 
coagulant is less reproducible than that of other species (rabbit, rat, or 
dog) Since the gumea pigs used in this work were by necessity joung 
grownng animals, the mdividual vanation in response was most likely 
augmented by this factor Our expenence indicates that after an anima 
has reached full growth the response to the anticoagulant is subject to 
less daily vanation 

1 The guinea pigs used m this work were mature, the diet diEferent, and the dosage 
of the anticoagulant was 10 mg 
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Effect of I- Ascorbic Acid Intake on Prothrombin Time of Guinea Pig Plasma 
— ^The 82 guinei pigs (average v eight 320 gm ) used in this expenment 
were first maintained on the scorbutogemc diet supplemented with raw 
cabbage for 2 veeks During this interval the normal prothrombm times 
on whole plasma and 12 5 per cent plasma were obtained The cabbage 
was then omitted and the following supplements were fed Group A, no 
supplement, Group B, 0 5 mg of I ascorbic acid per day, Group C, 2 mg 
of /-ascorbic acid per daj’. Group D, 25 mg of /-ascorbic acid per day, 



Fio 1 The effect of I ascorbic acid intake on the prothrombin time of guinea pig 
plasma Curves A, C, and E represent whole plasma of guinea pigs receiving (Group 
A) no Z-ascorbic acid, (Group C) 2 mg of I ascorbic acid per day, and (Group E) 40 
to 50 gm of raw cabbage per daj Curves A', C', and E' represent 12 5 per cent 
plasma from the same animals 

and Group E, 40 to 50 gm of raw cabbage per day Blood samples were 
taken at 7 day inteiwals 

The average values foi Groups A, C, and E are plotted m Fig 1 The 
onl 3 variation that is significantly outside the range of experimental 
erroi is observed m Curve A, where a defimte increase from a normal value 
of 28 seconds to 36 seconds occurred in the whole plasma in the 3rd and 
4th weeks The shght drop m the prothrombm time m the 5th week is 
undoubtedly due to the fact that only the animals with a higher resistance 
to /-ascorbic acid depletion were still alive The values for Group B 
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closely paralleled those for Group A, rvhile those for Group D remained 
■within the experimental error near the values for Groups C and E 
It IS clear that total and partial depletion of Z-ascorbic acid (Groups A 
and B) produced no change in the prothrombm tune of the 12 5 per cent 
plasma, while a defimte increase m clottmg time v as noted on the corre- 
spondmg whole plasma In contrast, adequate or high mtakes of Z-ascorhic 
acid did not affect the prothrombm tune of either plasma concentration 



PROTHROMBIN TIME OF PLASMA (SECONDS) 

Fig 2 The effect of dilution with saline solution on the clotting time of guinea pig 
plasma Curve A represents plasma from normal guinea pigs (average values from 
ten animals), Curve B from a typical scorbutic animal, and Curve C a normal guinea 
pig 36 hours after admimstration of 5 mg of 3,3' methj leiiebis{4 hj droTycoumann) 

The difference between the prothrombm tunes of normal and scorbutic 
whole plasmas disappears when they are diluted -with 7 parts of salme 
solution (see Fig 2) If the differences m the clottmg times of the -whole 
plasmas were due to lanations m prothrombm let el (or actmtj), Cune 
B of Fig 2 would have remamed to the nght of and above Cune A, in a 
manner similar to Curve C (see also (8) Fig 1, p 8, and (9) Fig 5, p 9ol) 
Smee it does not do so, the prolongation of the clotting tune of v/io e 
scorbutic plasma cannot be asenbed to prothrombin depletion Con ro 
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tests for nntithrombms m the scorbutic plasmas were made by the method 
of Eagle (11) and Mere negative This rules out the action of heparm 
or a like substance, and the action of other coagulation-inhibitmg factors 
must be assumed (12) It should be indicated that we have obsen ed this 
phenomenon repeatcdl} from causes other than ntamin C deficiency dunng 
the past 6 years The same obsenmtion has been made on human plasma 
bj Shapiro and cow orkers (13) It is possible that m these cases a natural 
coagulation inhibitor is operating which is rendered inactive by dilution 
(12, 14) The observed increase in the clotting time of whole plasma from 
scoibutic guinea pigs correlates wath the findings of Presnell (7) who 
reported that the coagulation time of guinea pig whole blood was increased 
54 per cent in scurvy 

Effect of J-Ascorbic Acid on Action of Anticoagulant in Non-Scorbutic 
Guinea Pigs — The results from many trials will be reported in a highlj 
condensed form The control eaperiment wath normal gumea pigs on the 
basal diet supplemented wath 2 mg of Z-ascorbic acid showed that 5 mg of 
3,3'-methjdenebis(4-h3dro\ycoumarm) prolonged the prothrombin tune 
of the 12 5 per cent plasma from 52 seconds (±4 0) to the maximum of 85 
seconds (±13 0) in 36 hours, and that normal prothrombm values were 
restored wathin 72 hours Smgle doses of f-ascorbic acid at levels as 
high as 100 mg given either orallj' or intravenously along wath 5 mg 
of the anticoagulant did not materially alter the action of the anticoagu- 
lant UTien 100 mg of Z-ascorbic acid were fed daily for 4 days prior to 
feeding 5 mg of the anticoagulant, and also with the anticoagulant, the 
vitamm reduced the hiTioprothrombmemia-mducmg action significantly 
The prothrombm tune of the 12 5 per cent plasma at the 36th hour was 
66 seconds, m contrast to the control figure of 85 seconds, when no l- 
ascorbic acid was given 

Response of Scorbutic Guinea Pigs to Anticoagulant — The effect of vitamm 
C deficiencj on the lesponse to a single dose of 3,3'-methylenebis(4- 
h 3 droxycoumann) was studied on twm uniform groups of young gumea 
pigs Group I w'as fed only the basal scurvy’’ diet, while Group II received 
a daily supplement of 40 to 50 gm of fresh cabbage ^ Blood samples w ere 
taken before 5 mg of the anticoagulant weie fed and 36 hours after the 
feeding The prothrombin times of the plasma samples taken before 

* It should be indicated that consideration was also given to the possibility that 
raw cabbage supplied other factors than vitamin C When vitamin K (2 methi 1- 
1,4 naphthoquinone) was given at levels from 5 to 50 mg to guinea pigs maintained 
on the basal scurvy diet supplemented with 2 0 mg of I ascorbic acid, the response to 
5 0 mg of the anticoagulant was not affected Furthermore guinea pigs maintained 
on the basal scurvy diet supplemented with 2 0 mg of I ascorbic acid did not show 
a vitamin K deficiency as reflected by the prothrombin times 
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the anticoagulant was administered remained normal throughout the 
course of the evpenment 

A sinking difference in the response of the two groups was noted after 
3 weeks of vitamm C depletion and this difference mcreased dunng the 
4th and 5th weeks Fig 3 gives the prothrombm tunes of the plasmas 
36 hours after the anticoagulant is fed Curves A and A' are the prothrom- 
bm tunes of the 12 5 per cent and whole plasma respectively of Group I, 



TIME IN DAYS 

Fig 3 The effect of vitanun C depletion on the response of guinea pigs to S mg ol 
3,3' inethjlenebis(4 hydro'cjcoumann) Curves A and A' represent average values 
for 12 5 per cent and whole plasmas respectively of the scorbutic guinea pigs 36 hours 
after the anticoagulant is fed Curves B and B' are corresponding curves for guinea 
pigs protected against scurvy with fresh cabbage 

while Curves B and B' are the corresponding cun es for Group II Sunilar 
results weie obtamed with groups of six mature animals on the scuny 
diet The extent of the hypoprothrombmemia induced by the standard 
dose of the anticoagulant mcreased consistently as the vitamm C deficiency 
progressed 

Recovery of Scorbutic Guinea Pigs from Effects of Single Dose of Anti- 
coagulant— The previous expenments indicate that the scorbutic sta e 
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affects the extent of the h5'poprothrombmemia induced by the standard 
5 mg dose of 3,3'-methj’lonebis(4-hydrovj'^coumann) The following 
results indicate that the duration of the hypoprothrombmemia is also 
drasticallj prolonged It should be indicated that evperimental difficulties 
were encountered m these trials, which could not be overcome Blood 
samples cannot be taken at frequent inten als from scorbutic gumea pigs 
that haic been given the anticoagulant The gumea pigs become ex- 
tremel} liable to fatal hemorrhage following heart puncture Indeed, 
in manj instances, scorbutic animals that died a week after the last blood 
sample was drawn contained large pools of unclotted or partial!}’- clotted 
blood m the thoracic cavity Since the vanation m the prothrombm times 
between individuals was found to be very large, it becomes necessary to 
indicate the responses of individual but representative animals A gumea 
pig on the basal scun^y diet for 9 weeks, supplemented wath 0 5 mg of 
f-ascorbic acid, responded to 5 mg of the anticoagulant b} an mcrease 
m the prothrombm time of the 12 5 pei cent plasma from the normal of 
52 seconds to 150 seconds in 36 hours 7 days later the prothrombm time 
of the 12 5 per cent plasma w as o\ er 300 seconds 

A gumea pig that had receu ed the basal scurv}’ diet and onl} 0 5 mg 
of f-ascorbic acid for 10 weeks, and no supplement foi the next 14 days, 
was fed 5 mg of the anticoagulant Xo prothrombm actmt} could be 
detected at the 36 hour, noi after 7 dais, when death followed the second 
sampling In a mature guinea pig, restricted for 4 weeks to the scurvy 
diet, 5 mg of the anticoagulant prolonged the prothiombm tmie of the 12 5 
per cent plasma to 87 seconds m 36 hours, and 7 days later the value was 
89 seconds 

These responses indicate that m ntamm C-depleted gumea pigs the 
capacit} to restore normal prothiombm lei els after admmistration of the 
anticoagulant is markedly impaired In sharp contrast, when a single 
dose of the anticoagulant is giien to a normal guinea pig, as well as other 
species of animals (including man), the induced hipopiothiombmemia is 
quite transient, and is followed by rapid lestoration of noimal piothrombm 
levels (8, 9) The obseivation of Eichards and Coitell (15) that m scor- 
butic gumea pigs the anticoagulant caused histological changes m the hi er, 
characterized by fatty infiltration and degeneration, is of mteiest m this 
connection 

We have also observed (unpublished data) that iitamm C-depleted 
guinea pigs succumb earhei to the action of 3,3'-methilenebis(4-h}drox}’- 
coumann) than normal ones This has also been confirmed bi Richards 
and Cortell (15) For example, the suriiial time of guinea pigs receu mg 
1 0 mg of the anticoagulant per dav could be extended fiom 15 to 20 days 
to over 60 days by the administration of 25 mg of Z-ascoibic acid per day 



4S4 


HEilORRHAGIC SWEET CLOTEK DISEASE XH 


The increased susceptibilitj to the prothrombin-reducing action of 3,3'- 
meth} ]enebis(4-h3 droxj'coumann) in scur\w, the delajed recmen in 
Ecur^-j, and converselj the detectable decreased susceptibihtj to the 
anticoagulant m the presence of abundant Z-ascorbic acid suggest that 
adequate \ntanim C lei els are necessarj' for rapid prothrombm simthesis 
In Paper X of this senes (3) it nos shoira that substances that stimulate 
the simthesis of lutamin C ui the rat affect the mechanism bi which the 
hi-poprothrombmenua mduced b\ 3,3'-raethvlenebis(4-h}droxjcoumarm) 
is counteracted 


I scaniARi 

1 The responses of non-scorbutic and scorbutic guinea pigs to the 
oral administration of 5 0 mg of 3,3'-methjIenebis(4-hjdroA}coumann) 
are gii en The extent and duration of the hj-poprothrombinemia induced 
bj the anticoagulant are markedli' increased m scurrj 

2 Total and partial depletion of ■ntamm C m the gumea pig produced 
no change in the prothrombm time of 12 5 per cent plasma Adequate 
or high mtakes of /-ascorbic acid did not affect the prothrombm tune of 
12 5 per cent plasma 

3 In gumea pig scun-j the clotting time of the xcholc plasma is in- 
creased sbghth Endence is gu en that this is not due to a change in the 
prothrombm lei el (or actmti ) 

4 Smgle 100 mg doses of /-ascorbic acid did not protect non-scorbutic 
gumea pigs from the hi poprothrombinemia mduced bi 5 mg of 3,3'- 
methjIenebis(4-hidro\icoumann) Repeated 100 nig doses of the 
1 itamm exert a detectable protectii e effect 

Our thanks are due to Mr Harland D W 3 Coff for help inth the bio- 
assa 3 's TTe are also mdebted to Dr Carl A Baumann for his counsel 
and 1 aluable suggestions (K P L ) 
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Dunng the latter part of the nineteenth century Baumann and his co- 
workers (1, 2) and Jaffe (3) shotted that certam monohalogen-substituted 
benzenes are converted to mercapturic acids in the dog, and that these 
denvatives can be isolated from the urme of dosed animals No other 
mercaptunc acid was isolated from the unne of animals receivmg a foreign 
organic compound until Bourne and Young (4) obtained f-a-naphthyl- 
mercaptunc acid from the unne of rabbits dosed tvith naphthalene and thus 
established that mercaptunc acid formation can occur in vivo foUowmg the 
admmistration of an unsubstiluted aromatic hydrocarbon Another ex- 
ample of this tjTie of metabolic reaction was reported later by Boyland and 
Levi (5), w’ho show ed that l-anthrylmercaptunc acid is excreted m the urme 
of rats and rabbits dosed with anthracene 
The fact that mercaptunc acid formation follows the administration of 
naphthalene, anthracene, or a monohalogen-substituted benzene led to 
speculation concerning the possibihty that benzene undergoes a similar 
change in the bod}^ The belief that such a change occurs was supported 
bj' experimental emdence from several sources, although in no case was the 
isolation of phenylmercaptunc acid reported Callow and Hele (6) found 
that the administration of benzene to dogs was followed by an mcrease in 
the neutral sulfur content of the urme and a similar observation was made 
by Stekol (7) Drummond and Finar (8) obtained evidence that phenyl- 
mercaptunc acid was excreted in the unne of rabbits dosed w'lth benzene, 
but they w^ere unable to isolate the compound from the urme 

The synthesis of (-phenylmercaptunc acid in miio and the isolation of 
this compound fiom the unne of rats which had ingested phenyl-(-cysteine 
were described in earlier papers of the present series (9, 10) The experi- 
ments desenbed below establish that excretion of phenylmercaptunc acid 
follows the administration of benzene to the rat 
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The isolated compound was identified by analysis and by companson of 
its properties with those of synthetic f-phenyhnercaptunc acid prepared as 
descnbed in Paper I of the present senes (9) 

EXPERIMENTAL 

In all expenments the animals used nere male white rats each weighmg 
from 200 to 300 gm They were housed m metabolism cages which per- 
mitted the collection of unne free from feces They were fed in a separate 
cage tmce dady for penods of 1 hour each and the urine excreted dunng 
these penods was not collected The animals had access to drinking water 
at all tunes In some expenments they received a diet (Diet A) composed 
of ground com 50, dried milk 25, linseed meal 15, casein 3 5, alfalfa meal 
1 5, calcium carbonate 0 5, sodium chloride 0 5, yeast powder 2, and cod 
liver oil 2 parts In other expenments the diet (Diet B) consisted of 
Master Fox Breedmg Ration (Toronto Elevators Ltd ) supplemented mth 
fresh milk daily and v hole wheat bread twice a week 

The benzene vas admmistered to the rats by stomach tube vhile the\ 
v ere under ether anesthesia In some experiments a solution of 40 per cent 
of benzene (by \olume) in com oil was given and in others the benzene vas 
admmistered without a diluent The unne v as collected daily throughout 
the penod durmg nhich the animals were dosed and for 2 dajs afteniards 
Because phenylmercapturic acid tends to decompose m an alkaline medium, 
the collected urme nas kept just acid to litmus bj"^ the dailv addition of 
hj drochlonc acid and stored in the refngerator 

Although the methods employed to isolate phenylmercapturic acid from 
the urine of rats dosed with benzene diffeied in detail from experiment to 
experiment, they vere all based on that used to obtain phen 3 dmercapturic 
acid from the urme of rats vhich had ingested phenjd-l-cysteme (10) The 
unne nas made acid to Congo red bj-^ the addition of hydrochloric acid, 
allowed to stand overnight m the refngerator, and extracted three times 
with portions of chloroform each equal m xmlume to that of the acidified 
unne Phen 3 ''lmercaptunc acid was isolated by fractionation of the com- 
bined chloroform extracts The isolation of phen 3 Imercaptunc acid from 
the urme of rats dosed with benzene was more difficult than the isolation 
of this compound from the urme of rats to w hich phen 3 1 1-C3’steine had been 
administered This arose m part from the fact that the concentration of 
phenylmercapturic acid m the unne was much lower when the rats were 
dosed ivith benzene than when the3 received phen3d 1-C3'steine 
additional difficult 3 ’- w as mtroduced b 3 ’- the fact that the unne of rats do=ed 
repeatedl 3 with benzene w as darkl 3 colored and the pigmented substance^ 
tended to be extracted from the acidified urme by chloroform Tlie mam 
problem m the isolation process was the separation of phen3 Imercaptunc 
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acid from the dark, oil} products which were obtained by fractionation of 
the chloroform extract It \ias observed, however, that certain of these 
products contained cr} stals after they had been left in the refrigerator for 
penods uji to 2 montlis It was found possible to free these crystals from 
the contaminating oil} matenal b} washing them wath small amounts of 
cold ethanol The cr}’stals, after being subjected to further purification, 
were found to consist of phen} Imercapturic acid 
Four cxpenmcnts were performed in which phenylmercaptunc acid was 
isolated from the urine of rats dosed wath benzene Details concerning 
these axperimcnts are gnen below and the isolation procedure followed m 
one of them (Experiment IV) is showai 
Expcntncnt I — Tw elve rats w ere fed Diet A and each received by stomach 
tube 0 25 ml of a 40 per cent solution (by volume) of benzene in com oil 
(Mazola) dail} for 8 days The animals w'ere rested for a w'eek and were 
then dosed daih for a further penod of 7 days The total weight of benzene 
administered to these animals was 15 8 gm and from the urme 0 177 gm 
of phenylmercaptunc acid was isolated The identity of the compound 
obtained from the unne was established by the followmg observation'? 

Tlie isolated compound melted* at 142° and when it was mixed wnth 
S}-nthetic (-phenylmercaptunc acid, m p 142°, the meltmg pomt was not 
depressed It }ielded the followmg results when analyzed 

C.iHi.OiNS Calculated C 55 21, H 5 47, N 5 86, S 13 39 
Found “ 55 25, “ 5 58, “ 6 01, "13 25 

The determmation of its equivalent weight by titration with 0 02 n 
sodium h}droxide solution yielded 238, 242 The calculated equivalent 
weight of phenylmercaptunc acid is 239 
The specific rotation of a 1 per cent solution of the isolated compound 
in ethanol was [a]n° = —23° Under these conditions the specific rotation 
of S}'ntlietic phenylmercaptunc acid was found to be —23° (9) 

Expenmcnt II — Twenty-four rats were fed Diet B and each received 
bi stomach tube 0 25 ml of a 40 per cent solution (by volume) of benzene 
m corn oil daih for 3 days The total weight of benzene admmistered was 
6 3 gm The phenx'lmercapturic acid isolated from the urine w eighed 
0 032 gm It melted at 142° and w hen it w as mixed w ith srathetic phem 1- 
meicapturic acid the meltmg point was not depressed 

CiiHiiOjNS Calculated C 55 21, H 5 47 N 5 86 
^ Found ‘ 55 57, “ 5 76, “ 5 93 

Experiment III — Eleven rats were fed Diet A and each recened by 
stomach tube 0 1 ml of benzene dail 3 ’' for 6 daj^s The total eight of 

* All melting points recorded herein are uncorrected 
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benzene administered was 5 8 gm The weight of phenyhnercaptunc acid 
isolated from the urme was 0 020 gm The isolated compound melted at 
141-142° and a mixture of this matenal and synthetic phenylmercaptunc 


Isolation of Fhenylmercaptunc Acid from Unne of Rats Dosed mth Benzene 
(Experiment IV) 


Unne (900 ml ) from 12 rats each dosed with 0 1 ml benzene daib for 6 days (total 
benzene intake, 6 3 gm ) Urine made acid to Congo red with HCl, refngerated 
overnight, centrifuged 


Supernatant 

Ppt 

with 3 X 900 ml CHClj, 

emulsions broken by centrifuging 


Combined CHClj extracts, washed 

Urine residue 

With 100 ml H 0 


CHClj extract 

Aqueous' washing 

Concentrated to 80 ml by distillation 

on water bath, shaken with 3 X 70 
ml 2% NaHCOj solution 



Combined NaHCOj extracts CHClj residue 

Made acid to Congo red with HCl, 
extracted with 3 X 200 ml CHClj 


Combined CHClj extracts Aqueous residue 

Evaporated to dryness under reduced pres- 
sure, residue treated with ethanol, filtered 

I — :: , 

Filtrate Insoluble residue 

Evaporated to dryness under reduced pressure, 
residue dissolved in NajCOj solution, solution 
when acidified to Congo red with HCl gave 
brown oil and an opalescent solution, refriger- 
ated, crystals formed in supernatant 

Supernatant and oil Crystals 

Refrigerated for 2 months , oil became Recrystallized twice from aqueous 
semicrystalline, supernatant con- ethanol, mp 121 °, when mixed 

tamed crystals noth benzoic acid, m p 121-122 


Supernatant and semicrystallme ppt 
Concentrated under reduced pressure, 
refrigerated, centrifuged 
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Washed wuth cold 
ethanol and w ith 
ether 

Supernatant 
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from aqueous eth- 
anol, washed with 
cold ethanol and 
with ether 

Ethanol and 
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Crystals of phenjl- Supernatants and 
mercapturic acid, washings 
weight, 8 mg , m p 
142° 


Crystals, mp 137-138° 
Dissolved m ethanol, 

HjO added 

Supernatant Oilj ppt 
Evaporated to dryness 
in air current, residue 
dissolved in 50% 
aqueous ethanol, 
warmed with char- 
coal, filtered, filtrate 
concentrated, refrig 
erated, crjstals sepa 
rated, washed with 
cold ethanol 


Crj stals of phen} 1- 
mercapturic acid, 
weight, 3 mg , 
m p 142° 
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acid melted at 141-112° The isolated compound yielded the foUowmg 
results i\hen analyzed 

C„H„0>NS Calculated C 55 21 , H 6 47, N 5 86 

Found “ 55 29, " 5 67, " 5 84 

Expcnmcnl IV — Twelve rats were fed Diet B and each received by 
stomach tube 0 1 ml of benzene daily for 6 days The total weight of 
benzene administered w as 6 3 gm and the phenylmercaptunc acid isolated 
from the unne weighed 0 011 gm The isolated matenal melted at 142° 
and when it was mixed with synthetic phenylmercaptunc acid the meltmg 
point was not depressed 

C,iHi,0,NS Calculated C 55 21, H 6 47, N 5 86 

Found " 55 44, " 5 66, " 5 72 

Because com oil was used as a diluent for the benzene m Experiments I 
and II, a control experiment was performed m which 0 15 ml of com oil 
was admmistered daily by stomach tube to each of twelve rats for 6 days 
No phenylmercaptunc acid w'as obtamed when the unne of these animals 
was treated by the method applied to the unne of rats dos' d with benzene 

DISCUSSION 

The metabolism of benzene has been the subject of many mvestigations 
and these have revealed that this hydrocarbon is converted to a vanety of 
compounds m the animal body As long ago as 1867 Schultzen and 
Naunym (11) found that benzene is converted to phenol in man and the 
dog and later work showed that the latter compound is excreted m con- 
jugation wuth sulfunc acid (12) and with glucuromc acid (13) It has also 
been estabhshed that the oxidation of benzene tn vivo gives nse to the 
formation of catechol (14), quinol (14), and muconic acid (8, 15, 16) The 
conversion of benzene to phenylmercaptunc acid, although recogmzed as a 
possible metabohe reaction, has not hitherto been supported by evidence 
based on the isolation of this compound Phenylmercaptunc acid has 
now been obtained from the unne of rats dosed wuth benzene and as a 
result of this finding benzene takes its place with other aromatic hydro- 
carbons (naphthalene, anthracene), the administration of which is followed 
by the excretion of mercaptunc acids 

Although the present work throws no hght on the mechamsm of mer- 
captunc acid formation in vivo, it is noteworthy that phenylmercaptunc 
acid excretion follows the mgestion of phenyl-kcysteine by the rat (10) 
Formation of phenylmercaptunc acid in the rat appears to occur more 
readily from phenyl-Z-cysteme than from benzene In expenments (10) 
in which rats mgested phenyl-Z-cysteme, as much as 38 per cent of the 
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compound iv as recoA ered from the unne as phenylmercapturic acid, u hereas 
m the expenmenfs described herein the amounts of phenylmercapturic acid 
isolated from the urme were small WTien a solution of benzene m com oil 
was given to rats, the amounts of the acid which nere isolated from the 
unne corresponded to 0 37 per cent (Experiment I) and 0 17 per cent 
(Experiment II) of the benzene administered When benzene was given 
mthout a diluent, the amounts of phenylmercapturic acid obtained from 
the unne corresponded to 0 11 per cent (Experiment III) and 0 06 per cent 
(Expenment IV) of the benzene admmistered Even if allowance is made 
for the possibility that losses m the isolation of phenylmercaptunc acid 
from the urine of rats dosed with benzene contributed to the small amounts 
of the compound obtained, it would nevertheless seem probable that m a 
quantitative sense phenylmercapturic acid is an unimportant metabolic 
product of benzene 


SUMMAHX 

Phenylmercapturic acid has been isolated from urine excreted by rats 
to which benzene had been administered by stomach tube The isolated 
compound has been identified by analysis and by comparison of its proper- 
ties noth those of synthetic phenylmercapturic acid 

One of us (S H Z ) is indebted to the Banting Research Foundation for 
a personal grant 

The microanalyses reported herein were kindly performed by Mr 
Michael Edson 
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EFFICIENCY OF AEROBIC PHOSPHORYLATION IN CELL-FREE 
HEART EXTRACTS* 

Br SEVERO OCHOA 

(.From the Department of Medicine, New York University College of Medicine, and the 
^fedtcal Service of the Psychiatric Division, Bellevue Hospital, New York) 

(Rccci\od for publication, September 4, 1943) 

lAlien pj rune acid 3S o\idjzed by tissue extracts in the presence of in- 
organic phosphate and of phosphate acceptors such as hexose monophos- 
phate, glucose, or creatine, there is a coupled phosphorylation of the 
acceptor proportional to the oxygen consumption Under suitable condi- 
tions 2 molecules of phosphate may be taken up for every atom of oxygen 
consumed’ (2, 3) The ratio, atoms of P to atoms of oxygen, hereafter re- 
ferred to as the P 0 ratio, is a measure of the efficiency of conversion of 
oxidation energj'' to phosphate bond energy (4) 

'\^anous lines of evidence mdicate that the coupled phosphorylation is the 
result of (1) phosphorylation of adenylic acid to adenosme polyphosphate 
coupled with oxidation, and (2) transfer of phosphate from adenosme poly- 
phosphate to the phosphate acceptor Through the change adenylic acid 
adenosme triphosphate the adenyhc acid system acts as a catalytic 
earner of morganic phosphate to the acceptor ® 

Such a reaction mechanism is supported by the following facts (a) A 
catalytic amount of adenyhc acid (or adenosme polyphosphate) is essential 
for aerobic phosphorylation (3) , (b) with adenyhc acid as the only phos- 
phate acceptor there is aerobic formation of acid-labile phosphate (2, 6), 
(c) the same tissue preparations m which aerobic phosphorylation occurs 
contain enz 3 mies that catalyze reactions of type (2) (c/ (3)) , and (d) aerobic 

* This work has been supported by a grant from the Williams-Waterman Fund of 
the Research Corporation 

Presented in part at a Symposium on Carbohydrate Metabolism sponsored by the 
New York Section of the Society for Experimental Biology and Medicine, December, 
1942 (preliminary report (1)) 

’ Behtzer and Tsibakowa (2) obtained higher values when thc 3 used for the 
calculation the excess oxygen uptake which, in their experiments, vas caused by 
addition of the phosphate acceptor, but this calculation is objectionable 

’ As IS well known reactions involving the adenylic acid system may take place 
over cither or both of the steps, adenosine triphosphate adenosine diphosphate, 
adenosine diphosphate adenylic acid In tissues that contain myokinase (5) the 
three nucleotides form an equilibrium according to the equation, 2 adenosine diphos 
phate adenosine triphosphate + adenyhc acid 
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phosphorylation of glucose m certain muscle extracts is neghgible unless 
hexokmase’ is added (8) 

Since the enzyme adenosmetnphosphatase, which hjdrolyzes adenosine 
tnphosphate to adenyhc acid and morgamc phosphate, is present in all 
tissue preparations m which aerobic phosphorylation can be studied, it 
must compete with the enzymes catalyzmg the transfer of phosphate from 
adenosme tnphosphate to phosphate acceptors It follows that the value 
of 2 previously obtamed for the P O ratio of pyruvate oxidation is probably 
-10 low, a conclusion that is supported by evidence to be presented m this 
’per The P 0 ratio of P 3 uuvate oxidation has non been redetermmed by 
means of an mdirect method and has been found to have a value of 3 

EXPERIMENTAL 

Methods 

General — Cat heart extracts were used throughout this work The 
ventncles nere freed from fat and connective tissue, chilled m ice, and 
mmced as finely as possible with scissors The mince was thoroughly 
ground m an ice-cold mortar nith sand and 2 volumes of either 0 9 per cent 
potassium chlonde or 0 1 m potasaum phosphate buffer, pH 7 7, at 0° The 
resultmg paste n as centrifuged for 2 to 3 mmutes at about 2000 h p m , and 
the turbid supernatant was dialyzed for 2 to 3 hours m thm collodion mem- 
branes against 3 to 4 hters of either 0 4 per cent potassium chlonde (KCI 
extracts) or 0 05 m potassium phosphate buffer, pH 7 7 (phosphate ex- 
tracts), with vigorous outside stirrmg, at 1-2° Reaction mixtures were 
prepared b}’^ makmg up 1 0 cc portions of dialyzed uxtract to 1 5 to 1 75 cc 
with vanous additions 

Analytical — ^The experimental samples vere deproteimzed with tn- 
chloroacetic acid and analyses were performed on aliquots of the filtrates 
Orthophosphate was detennmed by the method of Fiske and Subbarov as 
modified b\' Lohmann and Jendrassik (9) Phosphocreatme nas de- 
tenmned bj’’ the method of Lohmann (10) Fructose diphosphate vas de- 
termined as fructose by Roe’s method (11) with the exception that the 
penod of heatmg was prolonged to 15 mmutes, under these conditions fruc- 
tose diphosphate gives 77 per cent of the color gnnn by fructose Lactic 
acid was determmed by the method of Wendel (12), and pyrunc acid by 
the hydrazone method (13) A Summerson photoelectnc colonmeter vas 
used for all colonmetnc estimations 
PrcpaTalivc — ^Freshly made up solutions of crj'stallme sodium pjTuvafe 
nere used as m previous nork (3) Phosphocreatme was prepared syn- 

’ HexoVmase (7) catalj zes the transfer of phosphate from adenosine tnphosphate 
to glucose, forming glucose-6 phosphate 
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theticAlh by the method of Zeile md Fa\saz (14) Fructose diphosphate 
^\^s prepared after tlie method of Nciiberg (15) Cozymase Mas prepared 
from bakers’ } east (FJeischmann)‘ by the method of Tthhiamson and Green 
(16) Math some modifications, assummg a m ater content of 8 per cent for the 
desiccator-dry product (17) its purity m as about 90 per cent as judged from 
the P content and from reduction Math platinum-hydrogen and Mith 
lij drosulfite Adenosine tnphosphate Mas prepared from rabbit muscle by 
the method of Lohmann (18) as modified b 3 ’' Con,® and adenylic acid by 
alkaline hj drolj'sis of adenosine tnphosphate after Lohmann (18) 

All acids (except cozj mase) m ere used as the sodium salts 

Ltnl age of Ptjnaalc Oxidation with Phosphorylation of Adenylic Acid — 
As mentioned abox e an increase of acid-labile phosphate has been reported 
m respinng tissue preparations after addition of adenylic acid (2, 6), suggest- 
ing a formation of adenosine polyphosphate For the present Mork it Mas 
essential to reinforce this evidence for the coupling of oxidation Math phos- 
phonlation of adenylic acid by actual isolation of the adenosine polj’'- 
phosphate formed 

The experimental samples (volume 1 5 cc ) Mere meubated in each of 
five Warburg vessels Vessel 1, a control, contained glucose as phosphate 
acceptor and a catalytic amount of adenyhe acid Vesels 2 to 5 each con- 
tamed adenyhc acid as the onlj phosphate acceptor Sodium fluonde was 
added to all samples m order to decrease the activity of the adenosmetn- 
phosphatase (19) 0 5 cc ahquots M'ere removed from Vessels 1 and 2 at 

the end of the mcubation period, for estimation of inorgamc and acid-labile 
phosphate The same values m ere secured at zero tunc from a sample con- 
tammg no phosphate acceptor The results are illustrated m Table I 
The remamder of the sample m Vessel 2 together Math the contents of 
Vessels 3 to 5, or a total of 5 5 cc of reaction mixture contammg 1 76 mg of 
acid-labile P, was deprotemized Math trichloroacetic acid and adenosine 
polyphosphate Mas isolated according to the usual procedure (18) through 
the banum and mercury salts and reconversion to the banum salt The 
final product contained 0 84 mg of acid-Iabde P (yield 48 per cent) The 
molar ratio of acid-labile P to acid-stable P to pentose® Mas 1 02 1 00 0 96, 
mdicatmg that the isolated substance Mas adenosine diphosphate It is 
probable that adenosine triphosphate Mas formed and that the phosphatase 
spht off more readilj-^ the third phosphate residue Adenosine diphosphate 
could also have been formed from adenosine tnphosphate and adenjhc acid 
by the action of myokmase (5) 

* I am greatly indebted to Dr Charles N Frey, The Fleischmann Laboratones, 
Neiv York, for a generous supply of yeast 

® Con, C F , personal communication 

* Determined by the method of iMejbaum (20) with adenylic acid as standard 
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Adenosinelnphosphalase Activity — ^In order to know whether the adeno- 
smetnphosphatase in heart extracts can interfere mth aerobic phosphory- 
lation and the approximate extent of such interference, one has to study the 
hydrolj tic action of the extracts on adenosine triphosphate under the same 
conditions of concentration and pH as in the aerobic experiments (c/ 
Tables Y and VI) Tu o expenments of this type are illustrated in Table 
II The minced heart was u ashed mth 5 volumes of ice-cold 0 9 per cent 
potassium chlonde before extraction The reaction mixtures, m test-tubes, 
n ere shaken m a thermostat, at specified intervals the contents of each tube 
i\ere deproteinized with tnchloioacetic acid, and the filtrates analyzed for 
f'morganic and acid-labile (adenosine triphosphate) P As the samples were 
incubated in air, cyanide w as added m order to prevent aerobic regeneration 
of adenosine triphosphate 

Table I 

Aerobic Phosphorylalion of Adenylic Acid 


Ml snmpki, containod 1 0 cc of dialyzed phosphate cxtrict, 0 005 M MgCU, 0 036 « 
pjru\'ito, 0 001 M succinate, and 0 025 M N iF Temperature 37“ 100 per cent 

o\> gen in the gas phase 


AddittODs 1 





P eslcnfied 

P estcfified 
f ppeanns as 
lad labile r 



« X /Cr* j 

V X 1 

Win 

mm 

mg 1 

mg i 

mg 

fer ctnt 

1 

1 


0 


1 77 

0 03 


1 

3 7t 1 

37 j 

20 

400 

0 OS ! 

0 57 

1 69 

1 32 

15 Of 


j 20 

497§ 

1 20 

0 50 

0 4S 

9S 


* Liberated bj 10 minutes lij drolysis in 1 0 n HjSO< at 100“ 
t 0 17 rag of P 
1 0 7 rag of P 

§ Average of Vessels 2 to 5 (see text) 

Table II show s that the adenosinetnphosphatase acti\ ity of the extracts is 
very high This actmty w as only partially inhibited (about 50 per cent) 
bj 0 025 11 sodium fluoride, higher concentrations being no more effectne, 
but even under these conditions almost half of the adenosine tnphosphate 
added was hydrolyzed in the first 5 minutes The inhibitory effect of 
fluoride may be due to precipitation of calcium ions which are necessary for 
the action of adenosinetnphosphatase (21) 

Hexohnase — Besides hexokmase tissue extracts contain phosphohexo- 
isomerase (22), that establishes an equilibrium between glucose G-phosphate 
and fructose 0 phosphate, and an enzymie that catalyzes the transfer o 
phosphate fiom adenosine tnphosphate to the keto ester forming fructose- 
l,G-diphosphate (23) so that glucose is phosphorylated to fructose dipnos 
phate 
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The general procedure for the expenments of Table III was the same as m 
the previous section It is apparent (Table III) that adenosinetnphos- 
pliatasc interfered with the phosphor 3 'lation of sugar b}-^ adenosine tri- 
phosphate Without fluonde all of the added adenosine triphosphate was 
broken down, 70 to 75 per cent of its acid-labile phosphate appeanng as 

lAllhh II 

AdcnostnelTiphoRphatase 

VU samples contained 1 0 cc of dialy 2 cd KCl extract, 0 005 ii MgGI , 0 001 m 
adenosine triphosphate (0 1 mg of acid labile P), 0 03 m borate KCl buffer (pH 7 7), 
and 0 006 m KCN Incubation in air at 37° 


Experiment No 


Hydrolysis ot adenosine triphosphate 


Without NaF 

With 0 025 u NaF 

1 

fRtn 

per cent 

per cent 

1 

5 

88 

45 * 


10 

90 

oG 


20 

100 

58 

2 

5 

74 

1 44 


10 

86 

54 


20 

94 

58 


Table III 
Hexolinase Reaction 

All samples contained 1 0 eo of dialyzed KCl extract, 0 005 m MgClj 0 016 (or 
0 OOS) M glucose, 0 006 M adenosine triphosphate (0 6 mg of acid labile P), 0 02 M 
borate KCl buffer (pH 7 7), and 0 005 M KCN Incubation in air at 37° for 15 
minutes 


Experiment No 

NaF 

A inorganic P 
(0) 

A acid labile P 

ih) 

I (t) - la) 

Hexose diphos 
phate formedf 


*f X 10-’ 

mg 

ms 

3 

ms P 

1 


+0 45 

-0 57 

0 12 

0 09 


25t 

+0 09 

-0 31 

0 22 

0 16 

2 


+0 47 

-0 61 

0 14 

0 09 

I 

25t 

+0 09 

-0 35 

0 26 

0 20 


* Liberated by 7 minutes hydrolysis in 1 0 n HCl at 100° 
t Calculated from fructose estimation 
t Averages of tw o samples 


orthophosphate while the remainder was transferred to glucose In the 
presence of fluonde only about half of the adenosine triphosphate was 
broken down but of this only 25 to 30 per cent was hydrolyzed, the re- 
mamder of the acid-labile phosphate being transferred to the sugar The 
net effect of fluonde was to double the amount of sugar phosphorylated 
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during incubation However, even with fluonde the efficiency of the 
phosphate transfer reaction was only about three-fourths of what it should 
have been in the absence of adenosinetnphosphatase 

Transfer of Phosphate from Phosphocreahne to Glucose — Here phospho- 
creatine is the donor of phosphate to adenjdic acid (24) forming adenosme 
triphosphate which passes its acid-labile phosphate over to the sugar The 
aden}hc acid sjstem acts in a catalytic manner as a carrier of phosphate 
between phosphocreatine and glucose just as it acts catalytically in aerobic 
phosphorj lation as a earner of inorganic phosphate to the phosphate ac- 
ceptor If sufficiently active, adenosmetriphosphatase will interfere with 
the phosphorylation of the acceptor to a similar extent in both cases 
The experimental procedure was analogous to that of the two previous 
sections except that washing of the minced heart before extraction was 

Tablp IV 

Transfer of Phosphate from Phosphocreahne to Glucose 
All samples contained 1 0 cc of dialyzed KCl extract, 0 005 m MgCI , 0 001 ji 
adenosine triphosphate (0 1 mg of acid labile P), 0 024 m glucose, 0 03 m phospho 
creatine (1 6 mg of P), 0 03 m borate KCl buffer (pH 7 7), and 0 006 m KCN Incu 
bation in air at 37° (All values are averages of two samples ) 


Expenment \o 

IncubaliOQ time 

NaF 

4 phospho 1 
crcalme ' 

A tnorfranic 
phosphate 

& bezose dipHos 
phate 


mtfi 

ifXtO* i 

mi P 

mi P 1 

mSm 

1 

15 


-1 60 

+1 23 



15 

25 

-1 60 

+0 89 


2 

25 


-1 63 

+1 40 



25 

25 

-1 63 

-fl 00 

■■ 


* Calculated from fructose estimation 


omitted because it removed a large part of the soluble enzymes that cata- 
lyze the reaction betw een phosphocreatme and adenylic acid The w’hole 
of the phosphocreatine w as broken down during the incubation penod ir- 
respective of the absence or presence of fluonde (Table IV), but w'hereas in 
the former case only about 20 per cent of its phosphate was transferred to 
glucose, twice as much was transferred in the presence of fluoride, the re 
mainder appeared in all cases as inoiganic phosphate This is in agreement 
with prenous results on brain dispersions (3) in which phosphopjinivic acid 
w as used as phosphate donor in an otherw ise identical system 

Indirect Measurement of Efficiency of Aerobic Phosphorylation ^The above 
evidence suggests that fluonde increases the efficiency of transphosphorj' - 
ations owing mainlj' to its partial inhibitory action on adenosinetnphos 
phatase This poison mcreises the efficiency of aerobic phosphorjdation 
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(2, 3, 25, 2G), IS it ouid now seem, for the same reason Its effect on the 
aerobic phosphorylation of glucose in heart e\tracts is illustrated in Table 
Oxidation of py nivate w as inhibited by about 40 per cent, yvhereas 
phosphory Intion of the sugar remained practicallj unchanged, so that the 
P 0 ratios yy ere correspondingly increased Smce the respiratory quotients 
lemamed unchanged in the presence of fluonde, it would seem that this 
poison merely depresses the oxidation of pyruvate without producing a 
quahtatn'e change 

The expenments of the foregoing sections indicate that, eyen when 
fluonde is used, the directly measured P 0 ratios of aerobic phosphoryla- 
tion must be below their true y^alue because part of the adenosme tnphos- 
phate formed by the oxidative phosphorylation of adenylic acid yyall be 
hy droly zed by adenosinetriphosphatase and fail to phosphorydate the ac- 

Table V 

Effect of Fluonde on AcTobtc Phosphorylation 
All samples contained 1 0 cc of dialyzed phosphate extract, 0 005 M MgCl , 0 001 m 
adenosine triphosphate (0 1 mg of acid labile P), 0 036 (or 0 018) M pyruvate, 0 001 it 
succinate, and 0 037 m glucose Temperature 37° 100 per cent oxy gen in the 

gas phase 


Expenment 

No 

locubatioo 

time 

NaF 

RQ 

Oxygen 

uptake 

Phosphate 

estenhed 

P 0 ratio 


rrtn 

M X 


mtcfcotoms 

mxcToatoms P 


1 

21 


1 10 

40 4 

40 0 

0 99 


21 

25 

1 17 

27 2 

39 0 

1 44 

2 

17 



40 7 

40 3 

0 99 


17 

25 


26 7 

39 4 

1 48 

3 

20 


1 17 

38 8 

43 0 

1 11 


20 

25 

1 08 

26 4 

40 0 

1 52 


ceptor To the effect of adenosmetriphosphatase may be added some 
dephosphorylation of the phosphorylated acceptor or of mtermediary 
carboxyl-phosphate bonds From the above results it yvould appear that 
the P 0 ratios determined directly must fall betyveen 25 and 60 per cent 
short of the true value 

It IS possible to obtain a more accurate estimate of the true P 0 ratio of 
pyruvate oxidation by comparmg the respective phosphorylations caused by 
this reaction and by the anaerobic dismutation betiveen phosphoglycer- 
aldehyde and pyruvate, if such a comparison is carried out in parallel ex- 
periments yvith the same enzyme preparation and under conditions that are 
identical as far as possible The reaction mechanism is similar m both 
cases, morganic phosphate bemg taken up by a phosphate acceptor oy er the 
the adenylic acid system through couplmg ivith dehydrogenation (4, 27-29) 
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In the absence of adenosinetnphosphatase the djsmutation causes the up- 
take of 1 molecule of inorganic phosphate for even molecule of phospho- 
glyceraldehj de dehydiogenated (27-29) Hence, irrespective of the actual 
P 0 1 alues obtained in anj particular e\penment, the ratio of aerobic to 
anaerobic phosphorjlation, when referred to the same amount of h 5 'diogen 
mobilized,^ lull be a fairly accurate measure of the true P 0 value of the 
former 

In the e\periments of Table the oaer-all anaerobic reaction vas 

2 phosphoglj ceraldehj de -f 2 pjruvic acid -f- 2HiPO< + 1 glucose (or 2 creatine) = 
2 3 phosphoglj ceric acid -f- 2 lactic acid -1- 1 fructose diphosphate (or 2 phospho 

creatine) 

and the over-all aerobic reaction was 

1 pj ruvic acid -f- 2 50 -1- 2x HjPOi x glucose (or 2x creatine) = 3CO + 2HjO + x 

fructose diphosphate (or 2i phosphocreatine) 

The evtracts used in this w ork failed to catalj^ze the dismutation unless 
coz 3 'mase was added In all cases a catalytic amount of adenylic acid or 
adenosme tnphosphate must be present 

Fructose diphosphate w as used as the source of phosphoglyceraldeht de 
for the dismutation, since the extracts contam aldolase and isomerase (30) 
Fluonde was present throughout m order not onlj’’ to depress adenosinetn- 
phosphatase actmty but also to stop further reaction of the phosphogly- 
cenc acid formed in the dismutation The volume of the expenmental 
samples was 1 5 cc Phosphogl 3 'cerate w'as determined as the difference 
betw'een the orthophosphate liberated bj' ashmg and bj 180 mmutes hj- 
droljsis m 10 N HCl at 100° respectively In the expenments with 
creatme as phosphate acceptor the assumption that an mcrease of that 
difference is exclusivelj’’ due to the formation of phosphoglj cerate is justi- 
fied because there is no other difficultly hydrolyzable phosphate ester formed 
under those conditions, this may not be the case when glucose is the phos- 
phate acceptor, because a little hexose monophosphate may accumulate 
For this reason no estimations of phosphogljmerate weie earned out in the 
glucose series ® 

1 For the present purpose 1 atom of oxjgen consumed in leapiration is equivalent 
to 1 molecule of phosphoglj ceraldehj de oxidized to phosphoglj ceric acid in the dis 
mutation In each case 2 hj'drogen atoms are removed from the substrate, thej re 
duce 1 atom of oxjgen to water in the former case and 1 molecule of pj ruvic acid to 
lactic acid in the latter Both the number of atoms of oxj gen consumed in one case 
and the number of molecules of substrate undergoing dismutation in the other are 
referred to m Table VI as “Equiv alent oxygen reduced,” and P 0 ratios are expressed 
in identical umts in both cases 

•In two experiments the increase of difficultlj hjdrolvzable ester was actua j 
higher than could be accounted for bj formation of phosphoglj cerate 
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In the nmcrobic experiments both the pyruvate and fructose diphosphate 
uere tipped in from the side bulb of Warburg vessels after temperature 
equilibration (usualh 5 minutes) In the aerobic experiments, ounng to the 
fact that the cnz\-me sjstcm is rather unstable m the absence of substrate, 
p\ru\atc uas placed in the main space of the vessels All vessels uere 

t^bll VI 

Efficiency of Aerobic Phosphorylation 

All samples contained 1 0 cc of dinljzcd phosphate extract, 0 005 v MgClj, 0 001 xi 
adenosine triphosphate (0 1 mg of acid labile P), 0 025 m NaF, and cither 0 037 m 
glucose or 0 042 xi creatine In addition, the aerobic samples contained 0 036 Ji 
px rax ate, and 0 001 xi succimtc , the anaerobic samples contained 0 0007 xi coz> mase, 
0 036 XI pxruxatc, 0 009 xi hexose diphosphate (0 8 to 1 0 mg of P), and 0 001 xi 
XallCOi Temperature 37° Gas phase, aerobic 100 per cent oxygen, anaerobic, 
95 per cent nitrogen and 5 per cent carbon dioxide 
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1 9 

0 62 

3 1 


* Oxygen uptake 


cooled to 0° pnor to the addition of the ice-cold extract and were kept m ice 
until they w ere attached to the manometers The reaction mixtures m the 
Warburg vessels were equilibrated wuth either oxeygen or nitrogen with 5 
per cent carbon dioxide for 2 minutes At the end of mcubation the 
Vessels were rapidly removed and placed m ice, ahquots were then pipetted 
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into tnchloroacetic acid Zero time values v ere secured bj deprotemizing a 
sample immediatel} aftei addition of the extract The oxigen consump 
tion of the aerobic samples v as corrected to include the uptake dunng tern 
perature equilibration bj assummg that it proceeded at the same rate m this 
time as durmg the first 10 minutes of measurmg the gas exchange at 37° 
In this waj some oxY'gen consumption occumng at a much lover tempera- 
ture m the short intenml that elapsed betv een addition of the exiract to the 
1 essels and the moment vhen they were placed m the thermostat, as veil as 
dunng the penod between their remox al from the manometers and depro 
teimzation of the reaction nuxtures, was amply allov ed for The incuba- 
tion tunes for the aerobic expenments given m the third column of Table 
VI mclude the penod of temperature equihbration Shortei incubation 
tunes V ere chosen m the anaerobic expenments, especiallj m the ones vnfh 
creatine, because of the great rapidity vuth which the dismutation came to 
an equilibnum m this case 

Respiratory quotients were determmed by the method of Warburg and 
Yabusoe (31) The average value of 1 2 mdicates the complete oxidation 
of pyruvic acid to carbon dioxide and water The absence of secondary 
reactions m the aerobic expenments, such as pyruvate dismutation (32), 
that might contnbute to the phosphorylation and thus interfere mth the 
determmation of the true P 0 values of pyruvate oxidation, is also indi 
cated by the fact that no lactic acid xvas formed m any of the expenments 
with creatme, and only traces were formed (te 2 3, 2 4, 0 0, and 1 1 micro- 
moles m four expenments m vhich lactic acid vas determined) vlien 
glucose V as used as phosphate acceptor The small formation of lactic acid 
in the latter case was undoubtedly due to the fact that although coz 3 'mase 
vas not added there v as enough m the extracts so that there occurred some 
dismutation betv een the pyruvate (present m excess) and the tnose phos 
phate m equilibnum with the large amounts of fructose diphosphate formed 
by aerobic phosphorylation of the sugar It has been prenousl} obsen ed 
with bram dispersions (3) and heart extracts (33) that the bulk of the 
phosphorylated glucose remams as the equihbnum mixture fructose di 
phosphate ^ 2 tnose phosphate 

Each of the expenments of Table n vas earned out on triplicate samples, 
the average xmlues bemg given m the table In general xmriations from the 
mean did not exceed ±5 per cent A fev values that surpassed sue 
vanation v ere discarded and only the average of the tv o remaining samples 
vas taken 

The direct P 0 ratios (Table ■\T) of indmdual expenments shoved large 
ranations, ovmg no doubt to the greater or lesser actixuty of the adenosine 
tnphosphatase m different extracts The quotient aerobic P Otoanaero ic 
P 0 had an average value of 3 1 
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DISCUSSION 

Tiie results reported m this pnpcr indicate that each of the fi\e primary 
deln drogenation steps iin ol\ ed m the oxidation of 1 molecule of pyruvic 
acid to carbon dioxide and Miter must generate thiee phosphate bonds, a 
total of fifteen phosphite bonds per molecule of pj ruMc acid oxidized On 
the basis of our present know ledge w e can only account for about half of that 
number Of the five dehydrogenations of the citiic acid cycle (34) car- 
bonj 1 oxidation m the step a-ketoglutanc acid + 0 = succinic acid + COj 
would account for three phosphate bonds, since it causes as much phos- 
phoi^dation per atom of oxjgen consumed as the complete oxidation of 
pjruvic acid (35) We are then justified m assuming that the pnmary 
oxidation of the carbonj 1 group of pj'ruvic acid (w hatever its mechanism) 
maj account for another three, but the desatuiation step, succinic acid 
+ 0 = fumanc acid + H»0, would seem to account foi no more than one 
phosphate bond (2, 3) ° As regards the remaining tw o dehydrogenations, 
which mvolve a secondarj alcoholic group, the step malic acid + 0 = 
oxalacetic acid + HjO has been reported to generate enol-phosphate bonds 
(6) but no quantitative data are available, and nothing is known regarding 
the step isocitnc acid -h O = a-ketoglutanc acid + H^O 4- CO 2 

No few er difliculties are encountered if one tnes to \nsualize the generation 
of three phosphate bonds by carbonyl oxidation in terms of known mech- 
anisms As recentlj pointed out by Lipmann (36), theie is ample release of 
energj' in the passage of 2 hydrogen atoms from the metabolite at the 
bottom of the oxidation-reduction scale to oxygen at the top to cover the 
formation of three energy-nch phosphate bonds, which corresponds to a 
conversion efficiencj of 60 per cent, but it seems unlikelj that all the three 
can be generated within the span of potential betw een the carbonyl com- 
pound and the next hydrogen acceptor, probably alloxazme Such a span 
of about 0 52 volt, correspondmg to a ~AF of 25,000 calories, imght ac- 
count at the most for the generation of two phosphate bonds (20,000 to 
22,000 calones) This result could conceivably be achieved ta the forma- 
tion of a carboxyl-pyrophosphate bond, a view that maj have some support 
m the findmg of a coupling of pyruvate oxidation with SMithesis of inorganic 
pyrophosphate in liver extracts 

At least one of the three phosphate bonds would have to be generated 
catalyticallj during the passage of the hydrogens from the potential 
level of alloxazme protem to that of oxj'gen, but there is as yet no experi- 
mental proof for this assumption The new' that such a function might be 
performed by the succinate ^ fumarate system has been prenously ad- 
vanced (2, 3), but the participation of this sj stem m biological oxidations as 

’ Ochoa, S , unpublished 

Con, G T , Ochoa, S , and Con, C F , unpublished 
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a catalytic carrier of hj drogea is now very doubtful (34, 35) Aerobic oxi- 
dation of large amounts of dihydrocozymase m heart extracts (mx'olving 
dihydropx ndme, alloxazme, the cjdochrome system, and oxygen), in the 
presence of adenosine tnphosphate, inorganic phosphate, glucose, and 
fluoiide, gax'^e a large oxjgen uptake but xxas not accompanied by phos 
phoiylation ® Peihaps the generation of three phosphate bonds and their 
interaction mth the adenj he acid system takes place on the same enzyme 
piotem or protein complex when the hydrogens pass through the span of 
potential between metabolite and cytochrome 

SUMMARY 

1 Oxidation of px'ruvic acid m heart extracts is coupled xxith phos- 
phorjdation of adenx he acid The phosphorylation product was isolated 
and identified ns adenosine diphosphate 

2 Heart extracts contain a very active adenosinetnphosphatase The 
actmtx of this enzxTiie was inhibited about 50 per cent by sodium fiuonde 

3 Ex en in the presence of fiuonde, the adenosmetnphosphatase in heart 
extracts mterfered xxith the phosphorylation of glucose by adenosine tn- 
phosphate (hexokinase reaction), and xvith the transfer of phosphate from 
phosphocreatme to glucose in which the adenyhc acid system acts as a 
catalytic earner of phosphate between the txvo substrates Loss through 
dephosphorylation xmned from 25 to 60 per cent of the phosphate mobilized 

4 Aerobic phosphoii lation of phosphate acceptors is the result of (1) 
phosphorylation of adenyhc acid to adenosine polyphosphate, coupled with 
oxidation, and (2) transfer of phosphate from adenosine polyphosphate to 
the acceptor Adenosinetnphosphatase must interfere xvith (2) as it does 
xxnth transphosphorxdations, hence the P 0 ratio of 2 prexnously obtained 
for pyruvate oxidation, i e 2 atoms of phosphorus estenfied for everj' atom 
of oxygen consumed, must be too low 

5 A comparison of the phosphorylation caused by pyruvic acid oxida- 
tion xvith that produced by the dismutation between phosphoglyceralde 
hyde and pyruvic acid in heart extracts has given a P 0 ratio of 3 for the 
former reaction This ratio corresponds to an efficiency of conversion of 
oxidation energj’’ to phosphate bond energy of nearly 60 per cent This 
findmg is discussed in relation to present knowledge on pyruvate oxidation 
and on the mechanisms of generation of phosphate bond energy 

I am xmry indebted to Dr E Bueding for the pyruvate estimations, and 
to Mrs Theodora Goldstem for technical assistance 

Thanks are also due to Merck and Company, Inc , for a generous supp y 
of chemicals 
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EVIDENCE FOR THE TOTALLY ASYMMETRIC SYNTHESIS OF 
AMINO ACIDS TN VIVO 

DWID SHEMIN^ and D RITTENBERG 

(F rom the Department of Btoehcnnstri/, College of Physictatxs and Surgeons, Columbia 

Unwcrsxty, New York) 

(Rccci\cd for publication, September IS, 1943) 

In 1933 Krebs (1) found that animal tissues contain an enzyme, d-ammo 
acid oxidase, ^^hlch catalyzes the oxidative deammation of d-amino acids 
The function of this highly active enzjone is problematical, for the ammo 
acids of the dietar\ proteins are, as far as is knotvn, exclusively of the 
I series The occasional presence of small amounts of d-amino acids in 
protein hydrolj sates is readilj' ascribable to partial racemization during 
hj drolj'Eis 

Although the amino acids of normal mammalian protems appear to 
possess exclusivel3 the I configuration, the synthetic processes by which they 
are produced in the living animal may not necessarily be entirely asym- 
metiic Should the\ lead to the formation of racemic ammo acids, the 
d components of these might undergo complete deamination under the 
influence of the d-amino acid oxidase 

When a d-ammo acid is fed to rats, its fate depends on the relative rates 
of deamination and of excretion d-TjTOSine is a representative of those 
ammo acids uhich aie rapidly deaminized (2), d-glutamic acid, ivhich is 
attacked but sloivh if at all by d-ammo acid oxidase (3), is one of those 
which are excreted without profound decomposition (4) That d-glutamic 
acid IS not normalh detectable in unne is an indication, though not proof, 
that it IS not formed in appreciable amounts in the organism More cogent 
eiidence on this point was sought with the aid of isotopic nitrogen 

If d-ammo acids are formed by a partial symmetneal synthesis in tissues, 
and if d-ammo acids are admmistered to the animal, the exogenous and 
endogenous d-ammo acids should mix and be treated as an entity by the 
organism If this assumption is correct and if the mgested ammo acid is 
labeled with heavy nitrogen, the result of such merging would be a decrease 
in its isotope concentration Analysis of any excreted d-ammo acid wall 
then clearlj' indicate w hether the ammo acid synthesis m the cell is exclu- 
sively asymmetnc Conversely, if isotopic ammoma is admmistered to 
rats together with normal dZ-ammo acid, the isolation from the urme of a 
d-ammo acid containing N*® may be taken as proof of the synthesis tn mvo 
of the d-ammo acid 

In order to enhance the excretion of d-ammo acids m the urme, w e have 
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attempted to decrease the amount of d-amino acid oMdase in our expen 
mental animals bj’- restnctmg their mtake of riboflavm ^Tarburg and 
Christian (5) have shown that the coenzyme of d-ammo acid oxidase is a 
flaxnn dmucleotide Ochoa and Rossiter (6) and Axelrod, Sober, and 
Elvehjem (7) have demonstrated that animals on a riboflavm-deficient diet 
have a lowered d-ammo acid oxidase content in then tissues 
Isotopic dl-tyrosme u as fed to vitamm Bs-deficient rats The d-tyrosme 
isolated from the unne had the same concentration as that fed Similar 
results were obtained after dl-glutamic acid ivas fed to similarh deficient 
rats, no dilution of the d-glutamic acid was found Tins is in agreement 
wnth other results of this laboratory, m which, after d-glutamic acid had 
been fed to rats on a complete diet, the d-glutamic acid excreted had the 
same concentration as that ingested (4) 

A more sensitive expenment was earned out in winch heavi ammonia, 
together wath dl-tyrosme, was admmistered to vitamin Bs deficient rats 
If d-tyrosme were formed from ammonia as the source of nitrogen, the 
excreted tyrosine should contain N“ None was found 
The results of all of these experiments contraindicate the occurrence of 
symmetncal synthesis of aimno acids by the vitamin Bj-deficient rat 
It seems reasonable to apply this conclusion also to the normal animal 

EXPERIMENTAL 

Experiment 1 — A group of rats (average weight 42 gm ) was kept on the 
following diet glucose 74 per cent, casein 19 per cent, salt mixture (8) 4 per 
cent, wheat germ oil 2 per cent, cod liver oil 1 per cent, and 0 2 mg of vita- 
mm Bi per 100 gm of diet After 8 weeks all the lats showed acute symp- 
toms of nboflavin deficiency Five rats then receded as an addition to 
their diet 100 mg of dZ-glutamic acid hj'^drochlonde per day for 10 dajs 
During this penod two rats died The collected urmes were filtered, made 
7 per cent wuth respect to trichloroacetic acid, and filtered The filtrate 
was concentrated, an equal volume of concentrated h 3 drochlonc acid was 
added, and the mixture refluxed foi 5 hours The solution was then taken 
to drjmess tn vacuo The residue was dissolved in a small volume of w ater, 
and glutamic acid hydrochloride was isolated from the alcohol-insoluble 
barium salt The 493 mg of glutamic acid hydrochloride so obtamed were 
reci3"Stalhzed twuce from 20 per cent h3''drochlonc acid, 3aeld 324 mg , ^ 

7 80 per cent, [ajn = -25 1°, N« = 0 870 atom per cent excess The 
glutamic acid fed contained 0 865 atom per cent excess 
Expenment 2 — A group of rats (ax'erage woight 45 gm ) was kept on t e 
same diet as in Expenment 1 After 6 weeks all the rats showed acute 
sxTnptoms of vitamin B; deficiency Six rats then received ns an addition 
to their diet 250 mg of dl-tyrosme, contammg 1 00 atom per cent excess 
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N’‘, Tor'S dn\ s Urine ^\as collected for 9 daj’s after the feeding of dl-Uio- 
sine The iirinc u as acidified to Congo red \\ ith hydrochloric acid, filtered, 
and the filtrate concentrated Trichloroacetic acid nas added sufficient 
to raise the concentration to 10 per cent, and the mixture Mas filtered 
The filtrate Mas c\ti acted twice with ether An equal volume of 20 per 
cent hidrochloric acid was added to the aqueous phase and the mixture 
boiled for 3 hours The solution mos taken to dryness in vacuo, and the 
residue dissohcd in a small quantit 5 of water and brought to pH 5 6 with 
40 per cent sodium Indroxide After several da 3 s at 0° tyrosine cnstal- 
Iized out Aftei sea oral recr 3 stallizations there were obtamed 42 mg of 
d-ta rosme N, calculated, 7 7 per cent, found 7 G per cent, [a]Jf = +10 4° 
(calculated +10 G° (9)), [a]? = +9 3“ (calculated +9 3“), K"'® = 103, 
0 99 atom per cent excess (duplicate determinations) , average 1 01 

Experiment 3 — \ group of lats (aa'erage weight 38 gm ) aaas kept on the 
same diet as in Expeiiment 1, aanth the addition of 0 4 mg of aitamin Be 
and 1 mg of pantothenic acid per 100 gm of diet After 45 days the rats 
shoaaed acute S 3 anptoms of vitamin defieienc 3 ' Six rats then receia^ed 
for 5 da 3 s as an addition to their diet 250 mg of non-isotopic df-t^■rosIne 
and ammonium citrate containing 30 mg of nitrogen wath 11 9 atom per 
cent excess Urine was collected during this 5 da 3 period and for 2 
daas thereafter 107 mg of tyrosine were isolated from the urine as in 
Expenment 2 [a]p^ = +8 4“ (calculated +10 6“), N“ = 0 018 atom per 

cent excess The optical rotation showed that this tyrosme was not pure 
If the impunt 3 were /'t 3 rosme, the sample would contain 10 per cent of 
this isomer Pure c/-t% rosme was obtained b 3 crystallization of the copper 
salt according to a method developed b 3 ’- Foster ' 53 mg of t 3 T:osme w ere 
obtamed after this treatment N = 7 7 per cent (calculated 7 7 per cent), 
[oId* = +116“ (calculated +115“), = 0 004 atom per cent excess 

DISCUSSIOX 

The results obtained m this laboratory w hen isotopic ammo acids w ere 
fed to rats show that ammo acids are being formed and destroyed at a rapid 
rate (10) The equality of isotope concentration of the d-glutamic acid 
isolated from the urine with that fed may be taken as proof that little if 
an 3 d-glutamic acid is synthesized by the rat The animation of keto- 
gliitanc acid to glutamic acid is completeh asymmetric It is difficult 
to set a lower limit to the amount of d-glutamic acid whose synthesis would 
be consistent wath the experimental results If we assumed that the 
dietary d-glutamic acid completely merges wath that formed wathm the 
bod\ , then a syaithesis of 1 mg of the d isomer per day^ w ould ha\ e been 
detectable These rats averaged 45 gm m w eight and must ha^ e contained 

’ Personal communication from G L Foster 
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about 800 mg of i-glutamic acid While \\ e have no e\act data on the rate 
at vhich the glutamic acid m rats is bemg synthesized and degraded, ue 
cannot be far off in estimating that about 400 mg of glutamic acid are 
formed and destroyed per day m these rats The synthetic reaction must 
be at least 99 per cent asymmetric 

Similar considerations apply to the results of the evpenment in nhich 
dl-tjTosme was fed The results of the expenment in nhich heai’y am- 
monia vas fed are the same as those m which labeled ammo acids a ere 
employed In the experiment mth ammonia contammg 11 9 atom per 
cent N’^ excess, and smce the N“ concentration of the isolated tyrosme 
can be detennmed to ±0 003 per cent, even a very shght synthesis of 
d-tyrosme should have been detected In none of these three experiments 
IS there any mdication of a synthesis of d-aimno acids in vivo Smce there 
seems to be no partial symmetncal synthesis of ammo acids from keto acids, 
the function of the enzyme d-ammo acid oxidase is still obscure 
It may be pointed out that the technique employ ed in this mvestigation 
is a special apphcation of a general method for the disclosure of inter- 
mediates of cellular metabolism If a substance, labeled with an isotope, 
IS admmistered to an ammal and can subsequently' be isolated either from 
the tissues or excreta, then the isotope concentration of the recovered com- 
pound will mdicate whether or not it has been diluted by the same non- 
isotopic substance formed from the dietary constituents This method 
has already been employed by Bernhard to demonstrate that the long chain 
dicarboxylic acids are not normal intermediates in fat metabolism (11) 

SUMMARY 

Nc synthesis of either d-glutamic acid or d-tyrosme can be demonstrated 
m the vitamm Bs-deficient rat 
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THE IMICROBIOLOGIC\L ANALYSIS OF SEVEN AMINO ACIDS 
WITH LACTOBACILLUS CASED 

S SHANICMAN, MAX S DUNN, and LOUIS B RUBIN 

(f roiri Ihc Tl'm T Thompson Company and the Chemical Laboratory, University of 

California, Los Angeles) 

(Rccei\cd for publication, September 20, 1943) 

The ammo acid requirements of Laclobactllus arabinosus 17-5 and the 
analj'sis mth this microorganism of the ammo acids cystme, glutamic 
acid, isoleucme, leueme, methiomne, threomne, tryptophane, and valme 
uere desenbed m earlier papers (1, 2) from the authors’ laboratones The 
analj’^sis vuth Lactobacillus casei of the ammo acids argmme, glutarmc acid, 
leueme, phenylalanme, tryptophane, tyrosme, and vahne is desenbed 
m the present paper A total of eleven ammo acids, eight of which are 
mcluded m Rose’s list of essential armno acids, may non be analyzed with 
satisfactorj’’ accuracy bj’’ the combmed procedures 
The present stud 3 is concerned with the quantitative ammo acid re- 
quirements of Lactobacillus casci and methods for the assay of ammo acids 
with this imcroorganism Hutchmgs and Peterson (3) have summanzed 
the hterature on the nutntional requirements of Lactobacillus casei and 
have shown that maximum growth results nhen the microorganism is 
cultured on a basal medium contaming either hydrolyzed casern or a mix- 
ture of ammo acids 


EXPERIMENTAL 

Stab cultures of Lactobacillus casei were earned on yeast extract-dextrose- 
agar (Difco) and were subcultured monthly After transfer, the cultures 
u ere incubated for 24 to 48 hours at 37° and then mamtamed m the re- 
fngerator The moculum used m the assays was prepared by transferrmg 
the stab culture to the nboflavm assay medium (4) m a sterile centrifuge 
tube and meubatmg the mixture for 24 hours at 37° The basal medium 
of Hutchmgs and Peterson (3), modified to contam 1 per cent rather than 
2 per cent glucose, was used for all of the assays The biotm emploj ed 
n as a 50 per cent ethanol solution of the S M A Corporation’s concentrate 
No 5000 Fohe acid (the eluate factor) was prepared from The Wilson 
Laboratones’ hver pov der 1 20 by the procedure of Hutchmgs, Bohonos, 
and Peterson (5) The purification process was earned only through the 
first nont adsorption and elution, hich n ere sufficient to remove all traces 
of ammo acids 

* The authors are indebted to Merrill Camien and William Drell for technical 
assistance 
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The accepted experimental techniques descnbed by Snell and cow orkers 
(4, 6) and the experimental procejiure given by Hutchmgs and Peterson (3) 
were followed throughout The basal media and the ammo acid solu- 
tions were adjusted to pH 6 8 b3' the addition of n sodium hydroxide 
The solutions for the analj'sis of each ammo acid w'ere prepared by adding 
to each of a senes of test-tubes 5 ml of a medium containmg all of the 
substances m the basal medium except the "test” ammo acid, 1 to 5 ml 
of a standard solution of the “test” ammo acid, and sufficient distilled 
water to make the final volume of the solution 10 ml 


Table I 

Effect of Amino Acids on Production of Lactic Acid by Lactobacillus caset 
The maximum acid production per tube varied from 9 0 to 10 S ml of 0 1 n acid 



BtonU (0 1 K 
acid fonned 

CoQCenCratton of amioo aad per 
test tube 


ammo acid ts 
omitted 

One ball maximum 
growth 

Maximum 

growth 

i(-f)-Arpiune (free base)* 

0 60 

y 

25 

Y 

100 

Asparagine monohydratef (natural) 

0 8-3 0 

Not reproducible 

400 

i{—)-Cj Stine* 

10-2 0 

tt tt 

2000 

l{+) Glutamic acid* 

0 4 

76 

300 

Z(— )-Leucme* 

1 1 

30 

120 

d(-Phenylalanmet 

1 2 

30 

120 

<f/-Serine* 

0 S 

300 

1000 

1(— )-Tryptophane* 

i 0 7 

( 3 

12 

i(— )-Tjrosine* 

1 1 0 

15 

60 

dl-Valinet 

0 6 

40 

160 


• Ammo Acid Manufactures c p or a p product 
t Difco 

t Merck and Company 


Each assay was run m duplicate at ten levels of the ammo acid con- 
sidered to be most appropnate from an mspection of curves constnicted 
from the data derived from prelimmao' experiments For example, the 
lex els of 1(— )-leucme employed ranged from 0 to 200 y 

The tubes were plugged wath cotton, stenhzed bj”- autoclaxang for 15 
mmutes at 15 pounds pressure, and cooled to room temperature Each 
tube was moculated asepticallj’’ with 1 drop (0 03 ml ) of a salme suspen- 
sion of the bactenum and incubated for 72 hours at 37° The sahne sus- 
pension of the bactenum was prepared by centrifuging a 24 hour culture 
of moculum m a 15 ml Pjrex centrifuge tube, suspending the cells in 
sterile 0 9 per cent salme solution, and centnfugmg the suspension The 
cells were finally suspended m 10 ml of salme solution The lactic acid 
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produced was dctemiuied bj titmtion inth standard alkali mth bromo- 
tlnnnol blue indicator The titrations were reproducible to 0 1 ml of 
0 1 N sodium hj dro\idc 

The expeiimeiifal data are summarized m Tables I and II 


Table II 

Experimental Data from Analysis of Eight Ammo Acids tmth Lactobacillus caset 


Ammo acid 

Limitinc 

arrounis 

Amounts 

present 

Amounts 

found 

De\ lation 


ms 

ms 

ms 1 

Per cent 

f(-f-)-Argininc (free base) 

20- 80 

55 0 

55 2 

-fO 4 


20- 80 

75 1 

77 6 

-i-2 5 

Asparagine H 0 (natural) 

25-100 

33 2 

No data 

No data 

K~) Cj Stine 

30-120 

97 5 

tt tt 

tt tt 

I(+) Glutamic aeid 

50-200 

153 4 

152 

+0 9 

((— ) Lcueine 

20- 80 

70 8 

64 

4-9 7 

dl Phenjlalanme 

20- SO 

31 1 

29 4 

-t-5 5 

dl Serme 

200-800 

251 2 

No data 

No data 

1(— ) Trsqitopliane 

20- 80 1 

65 2 

63 5 

+2 6 

f(— ) Tvrosinc 

8- 32 1 

26 2 

26 2 

0 

dl A alme 

40-160 1 

49 1 

48 5 

+1 2 


* Ammo Acid Manufactures c p or a p product 


DISCUSSION 

Although it was observed that httle or no growth occurred m the ab- 
sence of asparagme, cystme, or serme, these ammo acids could not be 
estimated satisfactorily The curves obtamed m several experiments 
with these ammo acids w'ere irregulai and vaned m slope and position 
It IS also noteworthy that relativelj high concentrations of serine and 
cjstine are required for maximal lactic acid production In all other 
cases the standard curves were regular and reproducible 

It may be noted that the amounts of ammo acids found differed from 
those present bj percentages rangmg from 0 to -f-9 7 and averaging -j-3 
This average deviation is approximateh the same as that found previouslj 
bj the present authors (2) m the analvsis of eight ammo acids with Lactot 
bacillus arabinosus 17-5 The ammo acids leueme, glutanuc acid, trvqi- 
tophane, and valme were analj’^zed satisfactonlj"^ with both imcrooigamsms 
but a satisfactory analysis of evstme could be obtamed only wnth Lacto- 
bacillus arabinosus 17-5 In the case of Z(— )-leucme, the amount of the 
ammo acid found differed from that present bj’' —0 2 per cent with Lacto- 
bacillus arabinosus 17-5, and -|-9 7 per cent with Lactobacillus casei No 
significance is attached to these lesults, smee it is not improbable that 
the higher value may be within the limits of probable error of microbiologi- 
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cal assay The limiting precision of such methods uhen apphed to ammo 
acids IS to be mvestigated 


SUMMARY 

hlethods have been described for the microbiological analysis with 
Lactohacillus casei of the ammo acids arginine, glutamic acid, leucine, 
phenjdalamne, tryptophane, tjmosme, and valine Procedures for the 
microbiological analysis with Lactobacillus arabinosus 17-5 of the four 
itahcized a mm o acids and four additional ones were previously descnbed 
by the present authors (2) A total of eleven different ammo acids maj 
now be analyzed satisfactorily bj’’ the combmed methods 
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DETBRjMINATION of carbonic anhydrase in human 

AUTOPSY TISSUE 


Bi WINimCD ASHBl A^D DOROTHEA V CHAN 
(From the Blaclbum Laboratory, Saint Elizabeths Hospital, Washington) 

(Received for publication, July 8, 1943) 

In 1932 IMeldrum and Roughton (1) isolated from mammalian red blood 
cells a Inghlj' active enzjTne v hich they called carbomc anhydrase This 
enzyme catalj zes the reaction HsCOj^sCOa+HjO and is responsible for the 
accelerated excretion of CO« from the blood In any assay of the enzyme in 
tissues the presence of blood has presented difficulties In this report a 
nen adaptation of a method for measunng the blood eontent of tissues is 
desenbed 

Trio general methods for determimng carbomc anhjdrase are in use, (1) 
that of Aleldrum and Roughton (1) in which the forward reaction (aboie) 
IS measured, and (2) that of Philpots and Philpots as modified by Kedin 
and Mann (2) and that of Bnnkman (3) m both of which the rate of the 
reverse reaction is measured The umt of carbomc anhydrase is defined as 
that concentration which will halve the time of an uncatalyzed reaction 
The standard conditions have not been established 

The magnitude of the unit is affected by temperature, since Hodgson 
(4) has found that a nse of 10° increases the uncatalyzed reaction 3 6 times 
and the catalyzed reaction 2 1 tunes At 37 5° the differences between the 
tw o reactions, therefore, become greatly lessened, rendermg the determina- 
tion of the enzyme activity less sensitive 15° or the temperature resultmg 
from meltmg ice has usually been used Other variables, w inch affect the 
umt value and cause discrepancies in the lesults, are the late of shaking and 
probably also the size of the boats used in the Meldrum and Roughton 
method, as well as the degree of agitation and rate of flow of the carbon 
dioxide in the Keihn and Mann modification of the method of Philpots and 
Philpots Dilution, too, markedly affects the size of the unit by the 
latter method 

In an effort to meet the difficulty introduced b 3 the presence of blood m 
the tissues, Bnnkman (3), Ferguson, Lewis, and Smith (5), and van Goor 
(6) have worked with invertebrates whose blood contained little or no car- 
bomc anhydrase Others (7) have perfused the organ in order to remor e as 
much blood as possible In other instances the tissues have been extracted 
(sometimes after perfusion), the extract filtered, and the hemoglobin 
matched colonmetncally against the animal’s blood Allowance was then 
made for the enzyme equivalent of the blood m the tissues 
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determination of carbonic anhitdrase 


ENPERniENTAL 

Preparation of Enzyme Emulsion — ^Tissues which were obtained as soon as 
practicable after death were sealed m parafilm and kept in the freezing 
chamber of a refngerator (gross bacterial contamination was preiented) 
The frozen tissues of the central nen ous S3 stem w ere ground betw een glass 
plates, or the other tissues w hen necessnry betw een stones, and a smooth 
emulsion w as made 63 slow addition with stimng of 9 parts of w ater fol- 
low ed b3 dilution to 1 20 with ph3siological sahne An3r further dilutions 
w ere made with 0 425 per cent salme The w hole emulsion w as used, since 
in seven experiments with bram emulsions it was found that 30 per cent of 
the total carbomc anhv drase acti\ iti w as lost from the supernatant fluid 63 
sedimentation of the particulate matter 
Determination of Blood in Tissue Emulsion — The amount of blood in the 
tissue was determined with the benzidine reaction b3 comparing known 
dilutions of packed red cells from the bod3 from w hich the tissues m ques- 
tion w ere taken with dilutions of the tissue emulsion The red cells w ere 
, hemol3 zed with w ater, follow ed b3 further dilution with an equal amount of 
phi'siological sahne To 1 cc each of tissue emulsion and hemob'zed blood 
dilution was added 1 cc of a saturated solution of benzidine, 

(the dih3 drochlonde is unsatisfacton ) m glacial acetic acid To each 
mixture 2 cc of 3 per cent h3'drogen peroxide were added simultaneous^'^ 
The two dilutions of hemobzed red cells and tissue emulsion were so ad- 
justed that the deielopments of color were parallel both with respect to 
time and degree A light, but substantial, green was chosen as the end- 
point 

B3’' usmg the benzidine technique, a specimen of the cortex of kidnei in 
a dilution of 1 4000 w as found to ha\ e the same hemoglobin content as a 
1 50,000 dilution of packed red corpuscles This indicated that the tissue 
consisted of S per cent red blood cells or approxjmat€l3’' IG per cent of 
blood In bram the balanced dilutions might be 1 200 for brain emulsion 
equal to 1 40,000 for blood, ginng 0 5 per cent blood in the brain 
The much smaller quantitj of blood w hich w as found in the brain b) the 
benzidine method than in other tissue was not due to an3' inhibition of the 
benzidine reaction ba brain matenal Ivnown quantities of blood added 
to ground bram and thoroughl3’’ intermixed were recoiered immediateh 
after being added and after 4 and 7 da3's storage 
Determination of Carbonie Anhydrase — The technique was essentialb 
that of Philpots and Philpots as modified 63 Ifeilin and Mann, in w hich the 
increased rate of the reaction of carbon dioxide with water to form carbomc 
acid is measured under the influence of the enz3'me A steadj ’ flow of CO 

■A needle % ah e, covered with an electric pad to prevent irrcgulantics due to ice 
particles, was used 
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from a cj Under of carbon dioxide A\as run into 10 cc of 0 0026 m NaHCOs, 
containing 0 2 cc of 0 04 per cent phenol red and the enzyme emulsion, 
until the mixture nas just acidified Then the standard, 2 cc of 20 6 per 
cent At NaHCOj + 30 per cent At Na-COs, u as added and the time required 
for acidification uas nccuratelj' measured m tnplicate mth a stop-watch 
In the uncataljzed reaction the flow of CO 2 was adjusted to acidify the 

Table I 


Carbonic inhijdrasc of Tissue from Adjacent Sections of Central N'ervous System 


Ca e 
No 

Source of tissue 

R b c Content 
of tissue 

Carbonic anhydrase found per gm 

Total 

Rbc 

Net 



per cent 

units 

units 

units 

S052 

Frontil pole 

0 43 


2 2 





29 3 

2 6 

26 7 

S054 

(( tl 

1 25 

43 8 

10 0 

33 8 



1 25 

40 8 

10 0 

30 8 


<< t 

1 11 

44 5 

S 8 

35 7 



0 83 


6 6 

33 4 


Cord 

0 G7 


5 3 

19 4 



0 71 


5 7 

IS 5 

7995 

Temporal polo 

0 38 


2 6 

21 8 



0 38 

24 1 

2 6 

21 5 


Parietal lobe 

0 73 

26 3 

5 0 

21 3 



0 54 

25 9 

3 7 

22 2 


Occipital pole 

1 11 

22 7 

7 6 

15 1 



1 23 

21 8 

S 2 

13 6 


Cerebellum 

1 25 

29 7 

8 5 

21 2 



0 38 

22 1 

2 6 

19 5 

7991 

Ocoipital polo 

1 15 

39 1 

8 0 

31 1 



1 1 

35 8 

7 7 

28 1 

8077 

Frontal pole 

0 63 


4 0 




0 63 


4 0 



Parietal lobe 

0 61 


3 9 

41 1 



0 63 

44 7 

4 0 



Occipital polo 

0 81 

50 7 

5 1 

45 6 



0 83 


5 3 

44 7 


Corpus callosum 

1 11 


7 0 




1 11 

35 0 

7 0 

2S 0 


standard m 66 seconds The amount of enzj me emulsion w hich reduced 
this time lequired for acidification to 33 seconds contained 1 unit of carbonic 
anhjdrase The amount of emulsion iihich contained 1 unit was deter- 
mmed and from this the amount per gm of tissue The reagents were 
kept in chopped ice until used and the determmations were made in water 
held at approximatelj'' 3° The reaction mixture w as agitated wutb me- 
chanical legulanty 
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By means of this techmque mth 0 5 cc of a 1 80 dilution of kidney corta\ 
the standard was acidified m 35 6 seconds, while with 0 6 cc 32 7 seconds 
were required By interpolation, 1 umt of earbomcanhjdrase «as found 
in 0 59 cc of this emulsion or 1 gm of kidne3^ cortev contained 135 umts 
Reproducibility of Technique — ^Tien the techmque was applied to tissues 
ojitained from adjacent coniolutions of the human cerebrum and cere- 
bellum, results uhich differed bj an average of 5 per cent uere obtained 
(Table I) The umts of carbonic anhj^drase per gm of tissue were ob- 
tained bj subtractmg the umts of carbomc anhydrase which were given by 
the amount of blood found in the tissue from the total carbomc anhj'drase 
of the tissue 

Effect of Dilution upon Sensitivity — ^In addition to the effect of tempera- 
ture, discussed by Houghton and measured bj' Hodgson, ve noted that 
\nth a given amount of standard to be acidified neutralization is more rapid 
n a greater amount of liquid, omng of course to the fact that mth adequate 


Tabub II 

Apparent Variation in Unit Value of 0 7 Cc of Brain Emulsion Run in S, 10, and SO 
Cc of Diluting Fluid with S Cc of Standard 


Total voltime 1 

Time 

Units 

Caul) zed 

1 Uncatalyzed 

cc 

see 

1 

i 

rntn 

sec 


7 7 

33 4 


1 

34 0 

1 33 

12 7 

34 0 


1 

3 9 

0 97 

22 7 

28 6 



39 6 

0 G9 


CO- more carbomc acid is produced in the presence of more vater In the 
presence of the enzime, however, the change in rate mth dilution is com- 
parativelv slight As a result the same amount of brain emulsion, 0 7 cc , 
tested with 2 cc of the standard in 20 cc of fluid appeared to contain only 
half as much enzjme as when tested in 5 cc of fluid Results with three 
different amounts of fluids are given in Table II 

strvniARY 

We have described a procedure, based on the techmque of Philpots and 
Philpots as modified bj Keihn and IMann, appropnate for determining the 
carbomc anhydrase content of human tissues obtained at autopsy' 

As a departure from previous teclimques, the benzidine reaction has been 
used to titrate the blood content of the tissue and an emulsion of the w hole 
tissue ground to particles of cellular dimensions has been used m place of 
extractions 
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The reproducibility of the technique is illustrated by complete detenmna- 
tions on adjacent portions of the central nervous tissue vhich mdicate an 
a\ erage difference of 5 per cent 

An effect of increasing sensitu eness, as the test is conducted m smaller 
1 olume, is noted 

The small amount of blood found m the bram by the benzidme method 
has been venfied by the recovei^’’ of known amounts of blood added to 
ground brain 
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CARBONIC ANHYDRASE IN jMAMjMALIAN TISSUE 
Br WIXIFRCD ASHBY 

With the Technical Assistance of Dorothea Y Chan 
(From the Blachburn Laboratory, Saint Elizabeths Hospital, Washington) 

(Received for publication, Julv S, 1943) 

The purpose of this v\ ork is pnmanij to stud3 carbonic anh\ drase dis- 
tribution in the central nervous svstem, the results of which wall be given 
in subsequent papers The present paper deals with an exploration of the 
possibilities of the technique previoush desenbed (1) by use of tissues, 
some of w hich, like those of the central nerv ous sj stem, do not hav^e specific 
excretoi^ or secretorv functions with reference to CO2, the H ion, or the 
CO3 amon The aim has been to establish an orientation towards the 
function of the carbonic anhj'drase found in the central nervous system 
The function of carbomc anh3 drase in the blood as an accelerator of the 
elimination of COj in the lungs has been advanced by Roughton (2) In 
the goat fetus the enz3 me does not appear until shortly before term (3) 
Carbomc anhv drase has been found in the kidnev of the dog, cat, and rat, 
where it is considered piobable that it functions in the excretion of acid (4) 
In the gastric mucosa, it is thought to be functionall3 related to the produc- 
tion of gastric HCl (5-7) In the pancreas the production of carbonate m 
the pancreatic juice is attributed to its activitv (8, 9), but mtravenous 
injection of sulfamlamide m amount adequate for inhibition of the enz3Tne 
did not inhibit normal secretion of pancreatic juice (10) 

In the stud3 of organs w hicli do not have a specific excretorj function 
It has been found in the brain of the rat m small amount (9), in the retina 
of fishes (11), in the lens and retina of the ox (12), and in the spleen (8) 
In the muscle of the squid, an animal whose blood contains a neghgible 
amount of carbonic anh3 drase, from 30 to 50 units per gm w ere reported 
(13), while none was found m the leg muscle of the rabbit after perfusion 
to remov'e the blood (3) 


EXPERIMENTAL 

Carbomc Anhydrasc Content of Blood of Various Mammalian Species — The 
technique prevnoush desenbed (1) was used The carbonic anhv'drase 
content of the blood of sev eral species of animals is giv en m Table I These 
aie compared wath the findings of other authors for the same species If 
absolute amounts are considered, no agreement is found between these 
results Theie is, however, a rough proportionate agreement from species 
to species Because of this lack of a means to express results quantitativ elv 
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CARBONIC ANHTDHASE IN TISSUE 


on any absolute basis, the carbonic anhydrase content of tissues uhich 
follow has been related to the blood carbonic anhydrase of the ammals 
from nhich the tissues were talen 

Table 1 

Companson of Carbomc Anhydrase Aeiivily Found in Blood of Various Species of 
Animals by Different invesitgaiors 


The results are expressed m units of anhydrase (cf (1)) per o mm 



Hodgson (14) 
15* whole 
blood 

Davenport and 
Wilheuni (4) 

0 whole blc^ 

Van Goor (9) 

0 whole blood 

Author s 
findings 
y rbc 

Meldrum and 
Roushloa (3) 
15* wnole blood 

Rat 



8 2 

I 44 1 

1 70 

Cat 


3 73 


1 28 


Dog 


3 10 


0 84 


Cattle 



5 43 

1 4-0 84 


Man 

1 55 


5 00 

0 73 


Pig 



4 62 

0 59 

■■■ 

Guinea pig 



4 SO 

0 60 


Calf 




0 44 


Chicken 




0 22 

■■ 


Table II 


Carbonic Anhydrase of Kidney Cortex and Medulla Compared with That of Blood 



Blood content 

Carbonic anhydrase 

Ratio units 

Kidney 



pergm tissue 
to units percc 

of tissue 





Totil 

Tissue 

whole blood 


ptrctni 

umls 
per im 

ptr im 


Human, Case 8055, medulla 

20 

110 

64 

14 100 

" “ 8055, cortex 

17 

127 

87 

19 100 

“ “ 8053, medulla 

20 

85 

27 

9 100 

" “ 8053, cortex 

13 

97 

58 

20 300 

“ “ 8051, medulla 

20 

96 

46 

18 100 

“ “ 8051, cortex 

16 

107 

67 

26 100 

“ “ 7995, medulla 

11 

85 

46 

13 100 

“ " 7995, cortex 

7 

102 

78 

23 100 

" “ 7983, mixed 


102 

67 

20 300 

“ " 7986, “ 

14 

98 

44 

13 100 

Wild rat, mixed 

12 

130 

80 

20 100 

Guinea Pig I, mixed 


42 5 


3 100 

“ " II, medulla 

6 6 

7 0 


-3 100 

“ " “ cortex 

16 

47 


5 100 


Carbonic Anhydrase in Kidney — ^Findings for the carbonic anhj drase con 
tent of the kidnej are given in Table II The per cent of blood ^ ® 
organ retained after removal of gross blood is indicated The total car onic 
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anh 3 'drase activity per gm of tissue and the net value obtained by sub- 
traction of the carbonic anhydrase attnbutable to the blood content are 
given The latter is compared ivith the carbomc anhydrase content of the 
homologous blood ceUs collected in citrate, packed by standard centri- 
fuging, and calculated as whole blood on the basis of a 50 per cent dilution 
The data, it mil be seen, show narbonic anhydrase activity attnbutable 
to the human kidney tissue, both of the cortex and of the medulla, but the 
enzjTOe vas found m greater amount m the cortex The ratios between 
the carbonic anhj'drase content of the cortical tissues and of the blood 
averaged 22 100, while those for the medullary tissues and the blood 
averaged 13 5 100 The kidney of the rat showed about the same relative 
carbomc anhj'drase content as that of man, while values for the gumea pig 
were considerably lower, with a negative result for the medulla m the one 
instance m which this tissue was separated from the cortex 

The findings for man differ from those of Davenport and Wilhelmi for 
the dog and cat in that I obtamed a smaller proportionate amount of car- 
bonic anhjdrase, while Davenport and Wdhehm obtamed evidence of 
amounts eqmvalent to that of the animal’s blood m the case of the cat 
Also, in the present w ork the enzjrme w as found m the medulla of the kidney 
of man as well as m the cortex, although m a lesser amount, whereas 
Davenport and Wilhehni found none m the kidney medulla of the dog and 
cat 

Carbonic Anhydrase in Liver and Muscle — In Table III are given the data 
for hver and muscle In these tissues a mde vanation m the amount of 
carbomc anhydrase attnbutable to the tissue cells is found The per cent 
of blood found m the tissues is only crudely significant, especially so mth 
respect to the liver, as the amount remammg m the specimen has been 
influenced by the prehmmary treatment The ratios between the carbomc 
anhydrase of the liver tissue and that of the blood m the case of the rat, cat, 
and gumea pig are very low' In the case of one gumea pig there is a mmus 
quantity To what extent the mhibitmg effects (15) of the sera of these 
animals upon the enzyme come mto play m producmg these results has not 
been ascertamed In the three human hver tissues a carbomc anhydrase 
activity was found rangmg from 7 to 13 per cent of that of the respective 
blood 

In the human muscle great uregulanty of result is obtamed, rangmg 
from 4 umts per gm , which is practically zero, to 72 umts per gm , which 
constituted 28 per cent of that found m the blood In the tw o instances 
m which the muscle from the neck (which w as usually the stemomastoid) 
and the muscle from the chest (which was usually part of the pectoral 
muscle) were obtamed from the same individual, the stemomastoid was 
found to have about half the carbomc anhydrase activity of the pectoral 
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muscle Low degrees of activity were found m the muscler of a patient 
d 3 'ing of tuberculosis (Case 8052), carcmoma of the stomach (Case 8112), 
and carcinoma of the rectum (Case 8053) In one instance of neoplastic 
disease of unknown ongin (Case 8102), in which the general phjsical 
detenoration w as extreme, the carbonic anhydrase activity was practicalh 
zero It w as also low in Case 7991, a w oman of 82 w ho died 2 w eeks after 
an apparent recoverj' from pneumonia The average in these instances 
was 14 7 units per gra , while for the remaining cases, with death in three 

Table III 


Carbomc Anhydrase in Tissue of Liver and Slrialed Muscle Compared mih That of 

Blood 



Age 

Blood 

content 

1 ot tissue 

Carbonic anhydrase 

Ratio units 
pergm tissue 
to units per 
cc blood 

Total j Tissue 

Lncr 



yrs 1 

Ptretnt 

units 
pa- sm 

units 
per im 


Hum in. Case 79S3 j 

76 

12 ; 

Cl 5 

22 5 

7 100 

“ ■' 7095 

45 


100 

26 

8 lOO 

'■ ■' 7991 ! 

82 


129 

46 

13 100 

Norway rat 


20 

93 

10 

1 100 

Cat 1 


12 3 

111 

28 

4 100 

Guinea Pig I 


54 i 

124 

i 7 

1 100 

.. ,< ji 


8 1 

16 6 

-11 4 



Muscle (human) 


Neck, 

Case 7991, F j 

82 j 

6 3 

29 8 

12 4 

4 100 

ti 

tl 

8051, ■' 

69 

5 

44 

31 

12 100 

Cheat, 

H 

8051 ! 

60 ! 

13 5 

116 

72 

2S 100 

ti 


8102, M 

66 

13 

46 

4 

I 100 

Neck, 

tt 

8055, “ 

61 

10 

69 

46 

20 100 

Chest, 

l( 

8112, 

56 

6 6 

53 

13 

2 100 

Neck, 


8053, " 

57 

10 

46 

17 

6 300 

Chest, 

(t 

8053 

57 

10 

61 

32 

11 100 

Grom, 

tt 

7886, M 

i 53 

7 

i 67 

41 

32 100 

Neck, 

It 

S052, “ 

45 

5 

' 26 8 

13 8 

5 100 


instances from pneumonia and in the fourth from aortic insufficienci', the 
average for the muscle tissue was 47 5 units per gm 
Carbonic Anhydrase m Adrenal and Embryonic Tissue — ^The studj’’ of the 
adrenal gland gave consistent results w hich indicated no carbonic anlij dr^ 
in the tissue of that organ Carbonic anhj drase determmations were also 
made on rat embryos wnth results w hich indicated no carbonic anhj 
The results are given in Table IV The average blood content for e 
adrenal tissue w'as somewhat os er 5 per cent 
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Carbomc Anhydrase tn Brain — Of the tissues studied in this series, the 
most consistent in its carbome anhydrase content was the central nervous 
sj'stem, provided areas of highest content were compared As mil be 
shomi subsequently, the carbomc anhydrase activity of the central nervous 

Table IV 


Tissues Giving No Evidence of Carbonic Anhydrase AcltvUy 



Carbonic anhydrase 


Total 

Tissue 

Human, adrenal gland 

untls per gm 

25 1 

units per gm 

0 0 

it it it 

D 7 

-6 1 

it it it 

12 2 

1 7 

it tt it 

16 8 

-2 0 

it tt tt 

19 5 

0 8 

Hog, 

2 0 

-4 0 

Rat, embryos 

12 6 

-4 1 

C( It 

4 

-4 2 


Table V 


Comparison of Maximum Carbonic Anhydrase Content of Central Nervous System with 

That of Blood 


Speaes 

No of 
specunens 

Area of maximum 
cnxyme content 

Carbonic anhydrase 

Average units 
per gra tissue 

Ratio units per gm 
tissue to units 
percc blood 

Man* 

mm 

Cerebrum 


10 5 100 

Cat 


II 


7 4 100 

Hog 


II 

34 1 

11 6 100 

Sob 


II 

23 6 

8 0 100 

Dog 


Cerebellum 

47 0 

11 2 100 

Rat, white 


II 


13 0 100 

“ Norway 


II 


14 0 100 

Guinea pig 


II 

37 2 

12 4 100 

steer 


II 

35 4 

8 8 100 

Calf 


II 

25 3 

11 4 100 

Chicken 

5 

II 

29 5 

12 4 100 


* Average of frontal and occipital poles 


system vanes with the area from which the tissue is taken and in certain 
species the cerebrum shows more enz3nne activity than the cerebellum, 
while in others the reverse is true In Table V is given the activity of the 
cerebrum or the cerebellum, depending upon which shoivs the greater 
enz3mie content This is compared mth the activity of the animal’s 
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blood The blood content of these tissues ranges from 0 8 to 2 5 per cent 
The ratio of the carbomc anhydrase actmty of the tissues, after that attrib- 
utable to the blood content has been subtracted, ranges from 7 4 to 14 per 
cent of that of the animal’s blood 

DISCUSSION 

The tissues studied fall mto three 43^)65 There are, first, tissues inth 
no carbomc anhydrase activit}* not accounted for b3'- their blood content 
the adrenal and rat embryos Second, are the tissues m which much 
variation in the enz3Tnatic activity is found, these are represented bi the 
medulla of the kidne3 , the hver, and the stnated muscle of man In the 
last group V as found the mde range of 1 100 to 28 100 of tissue acti\it3 to 
blood actmti , inth a decreased value m this senes associated with mahg- 
nanc3' and extreme old age Third, there are areas of the central nervous 
sy'stem, either cerebrum or cerebellum m which, through a range of eight 
different species, a relative^ constant relationship holds between the 
carbomc anh} drase of the tissue and that of the blood, 7 4 100 to 14 0 100 

Houghton expresses the opmion that mth CO» as the last stage of metab- 
olism, abundant carbomc anh3’'drase m the tissue would cause the forma- 
tion of the hydroxide from CO- and, because of the relative impermeability 
of the cell membrane to the COj ion, prevent its diffusion from the cells 
VonBakker, vho found the ensyme m considerable amount m the lens of 
the 03 e, postulates that, with a poorb’- dei eloped \ asculant3 , there would be 
need for a high concentration of carbomc anh3 drase to catalyze the dis- 
sociation of carbomc acid formed 

Neither of these opposed theones, however, fits the data here presented, 
for m the adrenal tissue no carbomc anh3 drase w as found, while the tissue 
of the bram exhibited a substantial enz3Tne activit3 through the range of 
all species of animals studied, and both of these tissues ma3 safeh be 
assumed to hai e an adequate blood suppb dunng life, even if, as m3 data 
mdicate for the bram, the tissues of this organ become comparativeb empt3 
of blood at death I offer, as an alternative h3y)othesis, one which at- 
tributes to carbomc anh3’^drase a function associated with the progress of 
events withm the cham of interrelated reactions pecuhar to the metabolism 
of the tissue m question, rather than a function pertammg to the excretion 
of the end-product CO- 

SUMMAHT 

1 The carbomc anh3'drase content of the following tissues has been 
studied b3 the technique prenousb’ descnbed b3 which the carbonic 
anhydrase actmt3 of the tissues can be distinguished from that of t e 
contamed blood kidne3^ divided mto medulla and cortex, liier, human 
stnated muscle, adrenal, rat embiy o, and bram 
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2 In the human kidney the enz 3 'me of the corte\ was higher than that 
of the medulla The medulla contained vanable amounts of the enzyme 
In this senes of human muscle low activit 3 ’’ was associated with malignancy, 
tuberculosis, and c\treme old age, and greater activity after a compara- 
tivel 3 rapid death Vanable results both between species and individuals 
w ere also found in other tissues 

3 In contrast to the above, no activity was found in the adrenal or in the 
rat cmbr 3 0 , while an activit 3 ' approaching 10 per cent of that of the blood 
was found as a maximum in the central nervous system of eight species 
of animals studied 

4 The possible sigmficance of carbomc anhydrase m the brain is dis- 
cussed 

I wash to express appreciation of the cntical assistance given me by Dr 
!Mar 3 IMaver of the National Cancer Institute in the preparation of this 
and the accompanying manuscript 
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UREA IS NOT EQUALLY DISTRIBUTED BETWEEN THE WATER 
OF THE BLOOD CELLS AND THAT OF THE PLASMA 

Br J 0 RALLS 

With the Tectinicai, Assistance of E B Crohn 

(From the Laboratories of Biological Chcmtslry, University of Buffalo School of 

Medicine, Buffalo) 

(Received for publication, September 11, 1943) 

A graphic analysis of some data on the correlation between blood urea 
concentrations and urea output in man was made by the author some years 
ago * That analysis led to the conclusion that a cubical parabola was the 
type of curve that fitted the data best The curve had an intercept on 
the blood urea axis at about 9 mg per cent While this was suggestn e of a 
threshold, it nas known that, wth perhaps one exception (1), the idea of a 
urea threshold had been rather generally rejected (2-5) To us it seemed, 
however, that at least some of the urea was not freely excreted and 
exTSted, perhaps, as a urea complex, or was loosely bound in the blood 

Such “bound urea,” whether in the red blood cells or in the plasma, 
should cause a lack of freedom in the diffusion of urea and an imequal 
distnbution of that substance between the corpuscles and the plasma 
This ivould be contrary to the commonly accepted dicta that urea is 
freely diffusible and that "urea is about equally divided between the water 
of the corpuscles and that of the plasma” (6) When the old i\ orks (7-16) 
which were often quoted m support of the equal distribution concept were 
exammed, it was found that, with but one exception (15), no consideration 
had been given to the difference in the water content of the cells and of 
the plasma In that one exception, Ege’s view that there is about 80 per 
cent as much water in the cells as there is m the plasma (17) was used as 
the basis for the comparason of the urea concentrations of those two blood 
phases Using all the old data mentioned above, we recalculated the urea 
concentrations in the water of the cells and m that of the plasma, making 
use of the average figures 71 and 93 4 volumes per cent of water in cells 
and plasma, respectively, and (when cell \olumes had not been given) 
46 volumes per cent of cells in whole blood From these new' concen- 
trations, cell urea to plasma urea ratios were calculated Similar ratios 
were calculated from the data of Boyd (18) who had actually directly 
determined cell urea and plasma urea but had not been interested m the 
water concentrations All the ratios were then plotted m a frequency 

1 Griffith, F R , Ralls, J O , and Pucher, G W , unpublished 

629 
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barograph (Fig 1) It was immediately evident that there vas little or 
no basis for the contention that urea is equally divided between the cell 
water and the plasma water Recently, at least one worker (19) has 
mamtained that the ratio of the urea in the free water of the cells to that 
m the free water of the plasma vanes between 1 06 and 1 96 Thus it 
seemed to us that the question of the distribution of urea between cells 
and plasma v as by no means settled and we felt justified in continuing our 
studies along that line This paper is a report of our findings 



UkC^N ftr too mt ploamaHiO 

Fio 1 A barograph showing the frequency of occurrence of various ratios betn een 
the concentration of urea nitrogen in the cells and its concentration in the plasma 
(allowance for the water content of the two phases being made) as ca t dated from 
data in the literature 


EXPERIMENTAL 

77 samples of blood were contributed by 66 individuals (forty-nine males 
and seventeen females) wthm the age range of 20 to 40 years 66 samples 
were taken under postabsorptive conditions and eleven were taken under 
absorptive conditions The blood was taken by venipuncture inthout 
stasis Heparin was used as the anticoagulant m order to avoid changes 
in cell volume and any possible shift of urea from the cells to the plasma (18) 
Plasma was obtained by immediately centrifuging a portion of each blood 
sample 

Urea nitrogen and total water were determined on the whole blood and 
the plasma, while cell volume uas obtained by hematoent 

Methods and Errors 

Cell Volume — ^The hematocrit tubes were spun at 3000 rpm 
minutes The results on a single sample of blood uere 44 00, 43 96,44 1 , 
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43 S7, 43 85, 43 76, 44 10, 43 99, 43 90, and 43 81, averaging 43 9 ± 0 15, 
with a maximum spread of 0 3 per cent In all calculations, the cell 
V olume was rounded to the nearest 0 1 per cent 

Total ira/cr — drjung and w'eighmg method was adopted after that of 
Gurevitch and Karlson (20) had been found to be unsatisfactory A 
temperature of 150° and a drying time of 17 hours were selected, although 
Nelson and Hulett (21) recommended 325°, the critical temperature of 
water The samples were measured by means of an Ostwald-Van Slyke 
pipette (deliv enng 1 007 ml ) and the temperature of the blood or plasma 
was noted After the material was dried, the weight loss was divided by 
the densitj of water at the temperature noted The quotient was cor- 
rected by the factor 99 3 (1/1 007 X 100) to give the per cent water m 
the sample The results on a smgle sample of whole blood were 83 3, 83 6, 
83 8, 83 9, 83 5, and 83 7 per cent, wnth a maximum deviation of 0 6 per 
cent The results on a smgle sample of plasma averaged 93 4 per cent, 
with a maximum spread of 0 3 per cent 

Urea Nitrogen — ^This quantity was determmed by the manometnc 
method of Van Slj'ke (22, 23), but with certam modifications desenbed 
below 

Because difficultj was expenenced in obtammg sufiBciently accurate 
pressure readmgs at the 0 5 ml mark, the practice of measurmg all pres- 
sures at the 2 0 ml graduation w'as adopted This practice eliminated the 
major part of the error introduced when a small bit of stop-cock grease 
got mto the capillary just below the upper stop-cock A 0 01 ml piece 
of grease at this pomt mtroduces an error of 2 per cent when the pressures 
are read at 0 5 ml , whereas, when they are read at the 2 0 ml mark, just 
a 0 5 per cent error is introduced As an example of the troubles thus 
avoided, the foUowmg pressure readmgs on the same quantity of trapped 
air are given, with the usual 2 mmute extraction penod precedmg each 
reading at 0 5 ml and 28 5°, 31 64, 31 97, 31 80, 31 98, 31 78, 31 98, 

31 65, 32 02, 31 89, 31 95, 31 73, 31 70, 31 80, 32 02, 31 95, 31 78, 31 92, 

and 31 98, maximum deviation 0 38 cm , at 2 0 ml and 28 5°, 13 12, 13 13, 
13 12, 13 14, 13 12, 13 14, 13 12, 13 14, 13 14, 13 14, 13 12, 13 12, 13 11, 

13 14, 13 14, and 13 13, maxunum deviation 0 03 cm Thus it was evident 

that, although the urea nitrogen factor per him of carbon dioxide pressure 
at 2 0 ml is approximately 4 times that at 0 5 ml , a considerable net gam 
m acouracj’^ was effected 

It was found necessary to run frequent blanks durmg each day, because 
these mvanably increased as the day progressed Howell (24) also found 
that changes m the blank occurred as the age of the urease solution m- 
creased 

In practice, the time at which the urease solution was added to the reac- 
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added as compared wath its action upon a portion of the same blood to 
which no arginine had been added These studies u ere made under condi 
tions exactly analogous to those prevailing m our urea nitrogen deter 
imnations as reported herein The pH of the reaction mixture in the Van 
Slyke manometric determination of urea nitrogen, as apphed to the abo\e 
arginine carbonate solutions and the blood with and without added arginine, 
was determined The results (Table I) indicate that, under the conditions 
of our regular determinations, no extra urea was dem ed from an “arginase 
action” upon arginine m the blood 



USB a93 m JOS jjo us lzo jis m jss 

Ratio ^ 

UntA N ptr 100 ml pliuma 1^0 


Fig 2 A barograph showing the frequency of occurrence of various ratios between 
the concentration of urea nitrogen m the water of red blood cells and its concentra 
tion in the plasma w ater, as determined on the blood of 66 individuals in the post 
absorptive state and thirteen in the absorptive state 


Results 

The results of the distribution studies are given m two forms (1) m ^ 
barograph (Fig 2) depiotmg the frequency of occurrence of the observed 
ratios, rounded to the nearest 005, and (2) m Table II m which only 
the averages of the results obtamed are given for certam groups of blood 
Group A, male and female, 66 postabsorptive samples. Group B, female, 
seventeen postabsorptive. Group C, male, forty-iune postabsorptive. 
Group D, male, thirteen postabsorptive, and Group E, eleven samples 
from the same individuals as in Group D, but m the absorptive state The 
ranges, standard deviations, standard deviations of the means, and the 
probable errors of the means for each group are given 

DISCUSSION 

The average of all the ratios between the concentration of the urea in 
the total water of the cells and that m the total water of the plasma was 
1 14 ± Vat — 0 007 None of the individual postabsorptive ratios was 
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less than 1 04, ^\hIlc one \\ as as high as 1 39 If it was assumed that each 
ratio was 0 08 too high (the result of a combination of the following errors 
a rclatn'e -f-1 per cent in the whole blood urea, a lelatire —1 per cent m 
the plasma urea, an absolute +0 3 per cent in the plasma watei, and an 
absolute —0 G per cent in the whole blood water) and each ratio was cor- 
rected for this, the average ratio would still be 1 OG, or more than 1 Such 
a combination of errors could not have been operating in the analjses of 
postabsorptn e blood in all 6G samples, nor is it probable that it was oper- 
atmg m all sixteen of those analj'ses that resulted m ratios as low as 1 04 
to lOS 

The author is well aware of the work of Behre (25), Addis (26), and 
Anderson and Tompsett (27) who pomted to argmase, either m the blood 
cells or in the urease preparations, as a source of error m blood urea deter- 
minations Moreoa er, Edlbacher, Krause, and Merz (28) deRaitely proved 
the existence of argmase m blood, while Sumner and Dounce (29), Howell 
(24), and Hellerman cl al (30-32) have certamly shown that an argmolytic 
enz 3 Tne is present m jack bean urease preparations However, Van Slyke 
(23), m describing his procedure for blood urea nitrogen, stated thattheargi- 
nase error was not a factor, while How-ell (24), havmg shown that the error 
was due to an enzyme-substrate system residing m the urease preparations, 
suggested means (which we adopted in part) of ehminatmg it We are 
certain that no argmase error was present m our results, because the urease 
preparation which we used did not demonstrably act upon arginine car- 
bonate dunng the usual incubation penod of a urea nitrogen determmation, 
nor did it hberate any detectable quantity of "extra” urea from blood to 
wbch argmme had been added (Table I) This was not surprising m 
view of the fact that the pH of the reaction mixtures in our urea mtrogen 
determmations fell w-ithm the limits 6 90 to 7 02 and the fact that the pH 
range of activity of argmase is 7 to 11 (24, 30-34) with an optimum at 
pH 9 5, or, m the presence of cobaltous ions, at pH 7 5 (31) 

Accordmg to calculations based upon the vanous reported velocity con- 
stants for the hydrolysis of argmme by argmase at pH 7 5 with added 
cobaltous ions (30, 31), only 1 2 to 6 5 per cent of am argmme present 
would be hydrolyzed in the first 3 minutes after the addition of the enzyme 
But, under the conditions of our determmations (no added eobalt, a pH 
of 7 0 mstead of 7 5, and 1 to 2 mmutes of incubation instead of 3), eien 
less than that fraction of any argmme present would have been hydroly-zed 
to urea Even if one assumed that the conditions were ideal for the 
optimal activity of the argmolytic activity of the jack bean urease prepara- 
tions and that of the approximately 12 5 mg of ammo acid nitrogen in 
the red blood cells (35) about 1 25 mg , a high estimate (36, 37), may ha\ e 
been argmme a-ammo nitrogen, there could have been, at most, but 
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2 5 X 0 06, or 0 15 mg , of "extra” urea nitrogen from that source m our 
cell urea figures This amount would have been insufficient to iniahdate 
our calculations of the ratio of cell urea nitrogen to plasma urea mtrogen 
Hence, m viev of all the above considerations, it appears certain that 
urea is not equallj dmded between the water of the red blood cells and 


Table II 


Average Analytical Figures, Ratios, and Statistical Data on Blood of Different Groups 
of Males and Females tn PostabsorpUve and Absorptne Slate 



Whole blood 


Plasma 


Cells 




Group 

UreaN 

Per 

Per 

cent 

ct\U 

Urea Is 

Per 

UreaN 

UreaN 

ler 

1 UreaN 

Ratio, 

i/ 

Statistical data on 
ratios 

cent 


100 ml 
water 


(6/a) 


100 ml 

wa- 

ter 

100 ml 

xrz 

ter 

100 ml 

wa 

ter 



A 

mg 

12 63' 

83 A 

45 7 

fng 

13 40 

93 5 

mg 

14 37 

mg 

n 65 

71 4 

16 31 

1 14 

S = 1 04-1 39 

B 

13 00 

85 0 

41 9 

13 65 

93 7 

14 551 

11 96 

72 7 

16 40 

1 13 

ff «= ±0 065 
oxf ” =fc0 OOS 

Eii *=* iO 005 

K « 1 05-1 24 

C 

12 50 

82 0 

47 0 


93 4 

14 31 

11 54 


16 28 

1 14 

tr *= ±0 061 

*= ±0 015 

Eii » ±0 01 

i i? 1 04-1 39 

D 

12 80 

83 4 

45 8 

13 75 

93 3 

14 71 

11 73 

i 

71 5 

16 28 

1 12 

>=> ±0 066 
ajj =« dl:0 009 

Em = ±0 000 

J7 = 1 OS-1 16 

E 

13 06 

83 6 

45 8 

14 81 

93 4 

15 87 

10 99 

1 

71 8 

15 27 

0 96 

ff >= iO 024 

HM = iO OOS 

Em = ±0 005 
fi = 0 90-1 01 







1 





(T «= rbO 034 

Oij = ±0 01 

Esi *=■ iO 007 


Group A, 66 males and females in the postabsorptive state, Group B, seventeen 
females, postabsorptue, Group C, forty nine males, postabsorptive. Group D, 
thirteen males, postabsorptive, and Group E, eleven males from Group D in the 
absorptive state M, mean, <r, standard deviation, oj/, standard deviation of the 
mean, Esr, probable error of the mean {Mb — Afrl/C-Ei/o-Af r) “ 
of the difference between means D and E to the probable error of that difference 


that of the plasma In fact, as stated above, we found the average ratio 
of cell urea per 100 ml of cell water to plasma urea per 100 ml of plasma 
water to be 1 14 It w^as a matter of further interest to note that there is 
no significant difference between the distribution of urea in the blood o 
females and that m the blood of males (Table II) 
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Although it ma} be ndinitted that our data establish that urea is not 
equallj distributed between the total water of the cells and that of the 
plasma, some might argue that it might be equally divided between the 
free water of those two blood phases But, Stolzman (19) has reported 
eindence to the eontrar\ He reported ratios varying between 1 06 and 
1 96 after having calculated the free water in the cells b\ means of the 
relatue proportions of chloride in the cells and in the plasma and the 
assumption that that ion is equallj' distnbuted between the free water of 
those two parts of the blood However, his calculations are subject to 
considerable doubt, for others (38^0) have shown that chloride is not so 
distributed While wo hai'c made no direct determinations of the fiee 
water in the bloods analyzed, we have assembled the ratios calculated from 


Table HI 


Ralws of Distribulton of Urea bcticcen Corpuscles and Plasma, leith Total II aler and 
Free IVatcr Content As Bases of Calculation 


Ratio 


1 14 
1 13 


1 19 


Basis of calculation 


Our own data on urea and total water 
" “ “ “ “ “ water, and average protein content of 

cells and plasma, and degrees of hydration 0 14 ml per gm hemo 
globin (41), 0 11 ml per gm albumin (42), 1 87 ml per gm fibrin 
(43) , and 1 75 ml per gm globulin 

Our ow n data on urea and total w ater content and free w ater as cal- 
culated from degrees of hydration of hemoglobin and albumin 
given above and degrees of h> dration of fibrinogen and globulin 
(per gm ) assumed the same as for albumin 


available data for free water and urea m Table III It is evident that, 
at least with the information now at hand, the ratio cannot be made to 
be the 1 1 that the equal distribution concept demands 

The distnbution of urea in blood collected from 1 to 3 hours aftei break- 
fast was found to be very different from that in blood from indn iduals m 
the postabsorptive state The average ratio was 0 96 (Group E, Table II) 
This was, undoubtedly, a reflection of the reported rise m blood urea fol- 
lowing a meal (44—47) Fohn and Svedberg (15) pubhshed data which 
showed that a preferential increase in the plasma urea occuired after a 
meal However, they did not happen to call attention to it When we 
took their average figures for urea mtrogen in whole blood and m plasma 
and, using our average cell i olumes per cent and I'olumes per cent of w ater 
in w'hole blood and m plasma, calculated distribution ratios, we obtained 
1 06 and 0 92 for postabsorptive and absorptive samples, respectn ely In 
regard to our owm data, it may be said that, although one should not apply 
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statistical methods to as few as eleven results, such an application here 
indicates that the chances are better than 1 bilhon to 1 that the differcpce 
betn een the absorptive and postabsorptive ratios in blood is real This 
difference is not unlike, except in magnitude, the difference faetueen the 
distnbution of lactic acid in human blood dunng glycolysis and that in 
blood dmvTi in the basal state (48) Dunng glycclj-Bis, the lactic acid ac 
cumulated more rapidly in the plasma than it did in the cells This ob- 
sen ation and ours for urea could, at least in part, be explamed as being 
due to a slow diffusion through the cell membrane In fact, ne found that, 
when plasma was replaced by mammahan Ringer’s solution (containing 
no urea), the urea nitrogen in the external fluid did not reach a maximum 
until about 1 hour afterwards The rate of diffusion of urea into and out 
of red blood cells is to be more extensively mvestigated 
The exact cause of the demonstrated accumulation of urea within the 
red blood cells (m the postabsorptive state) is not knoira The polymer- 
ization and tautomenzation of urea, the rapid removal of urea from plasma 
at the kidney, the metabolic production of urea withm the erythrocytes, 
and the intracellular fixation of urea by adsorption on or its chemical 
union with some cell constituent w'ere all considered The polymenza 
tion and tautomenzation were discarded as untenable after some con 
sideration The possibifitj' that a rapid elimmation of urea from the plasma 
and a slow diffusion fiom the cells might account for the unequal distnbu 
tion obserxed w'as discounted by the observation that, under conditions 
which penmtted decreases and mcreases in the urea of different portions 
of the same blood sample, the distribution remamed the same as it was 
in the freshly drawn blood (Table I) Nor was it considered hkely that a 
metabolic production of urea xvithm the erythrocytes was the explanation 
Such an action could lead to a constant absolute difference between the 
urea concentration in the cells and that m the plasma (a steady state m 
compliance wnth Frick’s diffusion law), but high distnbution ratios should 
then accompany low urea concentrations and mce versa There was no 
such relation betw^een the ratios and the urea values 
Txvo equations relatmg the distribution of urea between the cells and 
plasma to certain knowm and certam assumed factors were dex eloped from 
Langmuir’s adsorption isotherm, (1 — 6)a/z = vQ The one, for appreciable 
adsorption, appeared to be not apphcable, for it carried a term involxung 
the urea concentration and it had been observed that the distnbution was 
not related to the total urea present However, that for but shght, or 
poor, adsorption reduced, in its simplest form, to 12 = 1 + (kwi/Hsw)! 
where R is the distnbution ratio, k is a constant, m is the number o 
of adsorbent in 100 ml of cells, and H.O is the volumes per cent of water 
m the cells In developmg this equation it was assumed that there was a 
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portion of file urea wnthin the cells in osmotic equilibrium ivith the urea 
in the plasma and that there w as another portion adsorbed on some ma- 
terial Ciinoiisb, a lery similar equation was denved from the mass 
action la^^ and the assumption that some cell urea reversibly combmed 
mth some cell constituent in a bimolecular reaction That equation was 
•1? = 1 + (/ ilZ/HsO), in vhich, as before, the symbols had the same signifi- 
cance, except that M repiesents the number of moles of non-urea reactant 
per 100 ml of cells Since neither of these equations mvolved the actual 
concentration of urea and since our ratios were not related to that actual 
concentration, it seemed that the underlying assumptions, that some urea 
uas relatneh fixed nithin the cell either by adsorption or by chermcal 
union vith a cell solute, were the most probable explanations of the un- 
equal distribution of urea betueen the nater of the cells and that of the 
plasma Unfortunatelj , the analytical data afforded no means of deciding 
betneen those two possibihties 

Of all the cell constituents that might form a non-diffusing urea complex, 
hemoglobin is the most likely The effect of urea on hemoglobin (49-53) 
and the behavior of heme wnth nitrogenous organic compounds (54-60) 
are w ell know n ttTiiIe i ery high concentrations of urea are necessary to 
produce a demonstrable denaturation of hemoglobin, it is possible that 
similar changes, to a lesser degree, might also occur at low urea concen- 
trations Aloreovei, it is possible that (though no claim is made that it 
does occur) urea might compete wnth globin for heme Either action could 
easily account foi our postabsorptix e ratios, for, to do so, each gm of 
hemoglobm w ould need to adsorb but 0 04 mg of urea, or but 1 of ei er 3 
23 molecules of hemoglobm (or 1 out of every 92 molecules of heme) would 
need to combine with just 1 of ex'ery 10 molecules of urea wnthin the cells 
In X lew of the abox e possibilities, it is our intention to investigate the 
"urea-bindmg” potentialities of hemoglobm and of heme 

We xxnsh to thank E R Squibb and Sons for a generous supply of 
Squibb’s Double Strength urease 


SUjUMABY 

1 An "arginase erior” xvas not responsible for the results reported 
herein 

2 66 blood samples from indixnduals m the postabsorptive state were 
analyzed The indixidual and axerage figures are given for the urea 
nitrogen and the total xvater in the xvhole blood, in the plasma, and m 
the cells 

3 Urea is not equally dixuded between the xvater of the cells and that 
of the plasma The distribution ratio is 1 14 1 00, on the ax^erage 



540 DISTRIBUTION OF UREA 

4 Dunng the Rcti\e production of urea after a meal, the ratio tends to 
be less than 1 1 

5 The possible factors involved in the unequal distnbution of urea are 
discussed 
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EFFECT OF TOCOPIIEROLS ON PHOSPHORUS METABOLISM* 

Bt LOUISE HARRIS WEISSBERGER ^nd PHILIP L HARRIS 

(From the Departments of Btochemtstry and Pharmacology and Radiology, Sehool of 
Medicine and Dentistry, The University of Rochester, and the Laboratories of 
Distillation Products, Inc , Rochester, New York) 

(Received for publication, August 30, 1943) 

In this stud\ the effects of normal, low , and high dietary intakes of tnta- 
min E on the phosphorus turnover of tarious tissues of rats have been 
compared Both tocoplierol deficienct and overdosage caused a stimula- 
tion of phosphoius metabolism which statistical analysis showed to be 
highlj significant 


EXPERIMENTAL 

Healthy young rats, weaned at 20 days and weighing between 40 to 50 
gm , w ere used m these experiments Litters w ere divided among three 
groups In the earl} experiments, one group was fed ground dog chow 
(Purma) mto which cottonseed oil (Wesson) had been thoroughly mixed at 
a 5 per cent level A second group received this same diet except that a 
molecular distillate of mtamm E, contaming 20 per cent of natural mixed 
tocopherols from vegetable oils, was substituted for the cottonseed oil 
Consequently, these rats were receivmg 100 mg of tocopherol from each 
10 gm of diet consumed The thud group received a ration used m our 
vitamm E bioassays and known to be very deficient m tocopherols It 
consisted of crude casern 20 per cent, corn-starch 27 per cent, cerelose 27 
per cent, lard 12 per cent, salt mixture, u s p No 2, 4 per cent, and dried 
brew ers’ yeast 10 per cent Vitamins A and D were supphed as a distilled 
fish oil concentrate and vitamm D 2 , respectively, to furnish 120 tr s p 
umts of vitamm A and 50 u s p umts of vitamm D per 10 gm of the diet 

In later experiments, the vitamm E-free diet was used for aU of the 
animals and the tocopherol was administered separately b)’’ cahbrated 
dropper Four litter mate groups were emploj^ed One received no to- 
copherol supplement, the second was fed 0 5 mg of tocopherol per da}', 
the third received 10 0 mg , and the fourth 100 0 mg Consequently, the 
second group was comparable to the group fed the dog chow m the early 
experiments and the fourth group was similar to those on the earher high 
vitamm E diet The group receivmg 10 mg of tocopherols each day repre- 
sented animals dosed wuth a moderate excess of vitamm E, approximately 
10 to 100 tunes the minimum requuement 

* Communication No 48 from the Laboratories of Distillation Products, Inc , 
Rochester, New York 
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These groups -were mamtamed on their respective diets from veamag 
until 19 weeks of age At vanous inten'als during this time, small litter 
mate subgroups (except the 4 to 5 week-old groups, which were not htter 
mates) from each of the dietary regimes were given a solution of Na-HPOj 
(P*, 20,000 to 75,000 counts per mmute on our scale-of-four Geiger-MuUer 
counters) b3" stomach tube and sacrificed 17 hours later The tissues were 
removed, w eighed, and prepared immediately for determmation of actmtj 
In all cases, samples of blood, one kidnej', either both ovanes and uterine 
horns or one testicle, and the femur were taken In a few' instances, we 
remo\ ed the pelvis, the mandible (mcludmg teeth), and the tongue In 
the case of the groups labeled Nos 5 and 8a and of tw o dj-strophic rats and 
their controls samples of stnated muscle from a arious parts of the bod) 
were pooled 

The bone samples, from which the soft tissue had been removed, were 
dry-ashed and dissolved m 3 m HCl The other tissues were dissolved in 
fummg mtnc acid with the addition of superoxol when necessary The 
radioactivity of the acid solutions was determined by the techmque of 
Bale, Haven, end LeFe^ve (1 ) 

Total phosphorus analyses (2) were earned out on enough samples of 
each tissue to warrant the conclusion that mtamin E did not affect the 
quantity of phosphorus per gm of tissue of any of the age levels studied 
The results are expressed as the per cent of the original dose per gm of 
tissue, and the deviations and significance of the differences of the means 
were calculated by Fisher’s method for small groups (3) 

Results 

The results of the effect of ntamm E deficiency on the phosphorus 
turnover of vanous tissues of the rat are summanzed ui Table I Table II 
shows the effect of a large excess of tocopherol and Table III, the effect of 
a moderate excess of tocopherol 

Influence of Age on P Turnover — ^As Chaikoff and his associates (4) and 
Falkenheun (5) have observed, phosphorus turnover is highest m the 
tissues of the )'oung animal and falls off markedly dunng the grow'th penod 
The decrease m phosphorus turnover with mcreasing age pertains to all 
the tissues studied (femur, blood, kidney, and genitals) and must be 
borne m mmd m the evaluation of the changes attnbutable to the tocoph 
erol level of the diet The values for a few veiy old rats suggest that the 
P metabolism, like the general metabolism, contmutjs to decrease very 
gradually from the time of matuntj' throughout the life span of the amma 

Vitamin E Dcflcicncy—The effect of %'itamm E deSciencv upon phos- 
phorus metabolism is related to the age of the animal and to the duration o 
the deficiency In the imtial phase (up to 5 weeks), the lack of tocop ero 
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caused no change m phosiihorus metabolism, m the mtermediate phase 
(5 to 13 weeks), It resulted m an apparent, although statistically insig- 
nificant, acceleration of phosphorus turnover, eventually in prolonged 
MtamiR E deficiencj, a pronounced and significant stimulation of phos- 
phorus metabolism was induced 


Table I 

Effect of Vitamin E Deficiency on P Metabolism 


The figures m parentheses represent the number of ammals in the group 



Croup 
a{;e in nls 

Dose of P per pm ti sue 

Difference 

So standard 
error of 
difference 

p probability 

Contro 

mean 

ETperimental 

mean 



per cent 

per cent 

per cent 



Femur 

4-5 

7 05 

(11) 

5 50 (9) 

-26 8 

0 85 

<0 01 


5 

6 23 

(6) 

5 76 (6) 

-7 5 

0 98 



S 

2 S3 

(6) 

3 27 (6) 

-429 2 

0 74 



8a 

2 04 

(S) 

2 30 (4) 

+12 7 

0 23 

0 05 


13 

1 09 

(6) 

1 28 (6) 

-hl7 4 

0 34 



19 

0 43 

(4) 

0 65 (4) 

+51 2 

0 08 

<0 01 

Kidney 

4-5 

1 43 

(11) 

0 85 (9) 

-40 5 

0 41 

<0 01 


8 

0 45 

(5) 

0 57 (6) 

+26 7 

0 14 



13 

0 51 

(5) 

0 52 (6) 


0 14 



19 

0 21 

(4) 

0 39 (4) 

+85 7 

0 05 

<0 01 

Blood 

4-5 

0 33 

(10) 

0 24 (7) 

-27 3 

0 12 



8 

0 11 

(6) 

0 12 (6) 


0 03 



13 

0 10 

(6) 

0 11 (6) 


0 04 



19 

0 05 

(4) 

0 09 (4) 

+76 5 

0 02 

0 02 

Uterus and 

4-5 

0 40 

(8) 

0 16 (9) 

-62 5 

0 14 

<0 01 

o\ane8 

8 

0 30 

(3) 

0 38 (3) 

+26 7 

0 06 



13 

0 24 

(2) 

0 28 (3) 

+16 7 

0 05 



19 

0 08 

(2) 

0 23 (2) 

+173 8 

0 01 


Testicle 

5 

0 47 

(6) 

0 38 (6) 

-19 1 

0 12 



8 

0 07 

(3) 

0 09 (3) 

+28 6 

0 01 



8a 

0 06 

(6) 

0 06 (4) 


0 01 



13 

0 05 

(3) 

0 06 (3) 

+13 2 

0 02 



19 

0 04 

(2) 

0 06 (2) 

+35 7 

0 02 


Muscle 

5 

0 63 

(6) 

0 48 (6) 

-23 8 

0 16 



8a 

0 17 

(5) 

0 20 (5) 

+17 6 

0 02 

0 1-0 05 


In the joung rat (4 to 5 and 5 week old groups), vitamin E deficient 
caused no mcrease in phosphorus turnover, in fact, the average experi- 
mental values are low er than the control figures, a change which is opposite 
m direction to that occurring in long term deficiency The realiti of this 
decrease is doubtful, smee it is statistically insignificant in the 5 week-old 
group and m the 4 to 5 week-old gioup the controls were 4 dais lounger 
than the deficient animals 
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Although an earlj trend toward higher i alues was apparent in the 8 and 
13 week-old groups, a pronounced and significant increase m phosphorus 
metabolism occurred onl} m the 19 neek-old group, t e , onlj ^ter a pro- 
longed penod of ntamm E deficienc3' Smce the %ntamin E-deficient rats 
show ed a gam in weight equal to that of normal fitter mates, this increase in 
phosphorus turnover was not attributable to a difference m growth and 
development As Table I mdicates, the effect of long term deficiencv is 
reflected in all the tissues studied Although too fen determmations nere 
made m the case of the gemtal tissues to n arrant statistical analj-sis, the 
response m the testicle and uterus, as judged bj the phosphorus tumoier, 
was m all respects similar to that of the other tissues The fact that the 
phosphorus turnover of the genital tissues shoved no more sensiti\nt\ to 
tocopherol deficiencj than that of the other tissues is of mterest, smce the 
most stnkmg effect of vitamm E deficiencj m the rat is reproductive failure 
Furthermore, the effect of ntamm E deficiencj on phosphorus metabolism 
was mdependent of the sex of the ammal 

Tn 0 rats, IS weeks of age, m n Inch evtremelj" severe sjTnptoms of muscle 
d'l’strophj" had de\ eloped as a result of ntamm E depmation, nere e\- 
airuned for comparison mth their respective controls The phosphorus 
tumo^ er of the skeletal muscle, femur, and blood of the dj’strophic rats was 
approximatelj' tmce that of the controls, while the phosphorus content of 
these tissues was normal Smce the reported morphological and metabolic 
abnormahties charactenstic of dystrophj are largelv limited to the skeletal 
muscle, it is of mterest that m these dj’stropluc rats the acceleration of the 
phosphorus metabohsm of the bone and blood was approximateh equal to 
that of the muscle 

Sffecl of High Vitamin E Inialc — ^An excessive mtake of ntamin E, 100 
mg of tocopherol per daj'", which was estimated as 100 to 1000 tunes the 
dailj requirement, resulted m a stnkmg stimulation of phosphorus turn 
ox er at all the age lex els studied Tlus acceleration showed up most con- 
sistentlj' and to the greatest extent in the femur m xvhich the difference in 
tumox er was usuallj highlx significant (p < 0 01) kn increase m phos 
phonis tumox er, of the same order of magnitude, was also obserxed m the 
pelxns and mandibles of rats of the 4 to 5 and 17 x\ eek-old groups on the high 
xutamin E regime This stimulatmg effect of excess xutanun E, therefore, 
probablj pertains to the hard tissues as a whole and is not limited to the 

long bones , 

Although the response of the soft tissues (kidnex , blood, genitals, an 
muscle) to excess xntamm E xxas m the same direction as that descnbed or 
the femur, it w as far less uniform and less marked As Table II show s e 
experimental x alues frequentlj , but not alwajs, exceed the control x a ue= 
In some groups the difference is significant, while in others it is no , eg, 
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the phosphorus tumo\er of the kidney was significantlj mci eased by 
excess \utamm E at 8, 17, and 19 weeks, while at 4 to 5 and 13 weeks the 
control and experimental xalues were practicallj identical In no tissue 

Table II 

Effect of High Vitamin E Intake on P Metabolism 


100 mg of tocopherols wore given per dn} The figures in parentheses represent 
the number of animals in the group 



Group 
a^c in t.Ls 

' Dose of P per pm tissue j 

Difference 

1 

Sd standard 
error of 
difference 

p probability 

Control mean 

Experimental 

mean 



per eent 

per eeni 

per eent | 



Femur 

4-5 

7 65 (11) 

10 30 (2) 

+34 6 

0 85 



5 

6 23 (6) 

9 57 (6) 

+53 6 ■ 

1 01 

<0 01 


S 

2 53 (6) 

4 03 (6) 

+59 3 

I 0 71 

<0 01 


Sa 

2 04 (S) 

3 6S fS) 

+80 4 

0 48 

<0 01 


13 

1 09 (6) 

1 46 (6) 

+33 9 

0 36 



17 

0 82 (2) 

1 22 (4) 

+48 8 

0 07 

<0 01 


19 

0 43 (4) 

0 82 (5) 

+90 7 1 

0 01 

<0 01 

XCidnej 

4-5 

1 43 (11) 

1 63 (2) 

+14 0 1 

0 65 



S 

0 45 (5) 

0 71 (6) 

+57 8 1 

0 14 

<0 01 


13 

0 51 (5) 

0 50 (5) 


0 17 



17 

0 41 (2) 

0 58 (4) 

+41 5 

0 07 

0 02-0 01 


19 

0 21 (4) 

0 42 (5) 

+100 0 

0 05 

<0 01 

Blood 

4-5 

0 33 (10) 

0 34 (2) 


0 OS 



8 

0 11 (0) 

0 19 (6) 

+72 7 1 

0 02 

<0 01 


13 

0 10 (6) 

0 12 (6) 


0 04 



17 

0 11 (1) 

0 12 (4) 


0 03 



19 

0 05 (4) 

0 09 (4) 

+70 6 

0 01 

<0 01 

Uterus and 

4-5 

0 40 (8) 

0 68 (2) 

+70 0 

0 17 


ovaries 

8 

0 30 (3) 

0 39 (3) 

+30 0 ' 

0 04 

0 05-0 02 


13 

0 24 (2) 

0 29 (3) 

+20 8 1 

0 05 



17 

0 25 (2) 

0 40 (4) 

+60 0 

0 11 



19 

0 08 (2) 

0 22 (2) 

+161 9 

0 04 


Testicle 

5 

0 47 (6) 

0 84 (6) 

+78 7 

0 22 



8 

0 07 (2) 

0 09 (3) 

+32 8 

0 03 



8a 

0 06 (5) 

0 13 (5) 

+100 0 

0 02 

<0 01 


13 

0 05 (3) 

0 07 (3) 

+30 2 

0 02 



19 

0 04 (2) 1 

0 05 (3) 

+19 0 

0 01 


Muscle 

5 

0 63 (6) 1 

0 75 (6) 

+19 0 

0 21 1 



8a 

0 17 (5) 

0 29 (4) 

+67 6 

0 05 I 

0 01 


except the femur did excess vitamin E cause an increase m phosphorus 
turnover at all the age levels, noi did it cause a significant mciease m 
phosphorus turnover of all the tissues at lUj one age let el Neither could 
any correlation be made between the i espouse of the soft tissues to excess 
tocopherol and the sex of the animal 
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The body weights of the rats fed the high level of tocopherol were com- 
parable with those of the control animals, as shown by the average weights 
of the two groups at the 19 week penod control, 313 gm for the males 
and 212 gm for the females, high MtammE, 310 gm for the males and 203 
gm for the females Consequentlj , at all age levels studied, we wore deal 
mg with animals of the same age and size 
Effect of Moderately High Intake of Vitamin E — Smce this stimulation of 
phosphorus metabolism was produced by an intake of Mtamm E which was 
100 to 1000 times the requirement, it was of interest to determme the 
effect of a moderately high mtamm E intake on phosphorus turnover For 
this purpose, 10 mg of tocopherol per day were fed to litter mates of Groups 
5 and 8a as a relative approximation of the level of tocopherol which might 

Table III 

Effect of Moderately Htgh Vttamm B Intake on P Metabolism 
10 mg of toeopherols were gi\en per day The figures m parentheses represent 
the number of animals in the group 



Group, age 
to wks 

Doje of P* per gm tissue 

DtSereace 

stJindani 
error of 
difference 

Control mean 

ExperiraenUl 

mean 



per cent 

per cent 

per cent 


Femur 

5 

6 23 (6) 

7 17 (6) 

-1-15 1 

0 7o 


8a 

2 04 (5) 


-5 0 

0 24 

Testicle 

5 

0 47 (6) 

1 

-f 8 0 

0 15 


8a 

0 06 (5) 



0 01 

Muscle 

5 

0 63 (6) 

1 

-}-4 S 

0 16 


8a 

0 17 (S) 

0 18 (5) 


0 04 


be used clmicall}' As Table III shows, vitamin E at this level had no 
influence on phosphorus turnover except for the femur turnover in the 5 
week-old group In that case, the increase of 15 per cent, follownng 10 mg 
of tocopheiol per dav, w as small in comparison to the increase of 54 per cent 
obtained b\ feedmg 100 mg of tocopherol pei day to litter mates 

This phenomenon of an elei ation m phosphorus turnover thus resulted 
from an extreme!} high vitamin E mtake and was not produced b} a 
moderate excels 


DISCUSSIOK 

Our obser\ ation that prolonged mtamm E deficiency results in an ac- 
celeration of phosphorus metabolism is consistent wath the metabolic ab 
noimalities which have been shown to occur in dystrophic muscle n 
muscular dystroph\ , the oxygen consumption (6-8) and succinoxidase ac- 
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tintj (9) of tlie skeletal muscle are clei ated Since o-adation and phos- 
phorjlation are coupled m muscle, an mcrease in phosphorus turnover 
should parallel an increase in the rate of the oxidative processes In our 
dj strophic rats, v e found an mcrease in phosphorus turnover of the same 
order of magnitude as the mcrease m oxygen consumption reported b\ 
Houchm and Mattill for similarh treated rats (100 to 125 per cent) (7) 
Kaunitz and Pappenheimer (8) have shown that high oxygen consumption 
of muscle m \ntamin E deficiency precedes the morphological changes, 
simiHrl} , m our 19 neek-old group of \atemm E-deficient, non-dj strophic 
rats, the mcrease in phosphorus turnover nas evident, shomng that the 
acceleration of phosphorus metabohsm also precedes the chmeal syndrome 

Houchm (9) has suggested that m normal muscle oxidation ntamm E 
acts as an inhibitor upon the succmoxidase system In \ntamm E de- 
ficiency the oxygen consumption is elevated due to lack of this inhibitor 
From this point of ^^el\, the observed mcrease in phosphorus turnover m 
tocopherol deficiency is not a stimulation of phosphorus metabohsm m the 
stnet sense, but rather the result of a lack of the oxidation inhibitor, 
vitamin E 

The low creatme content of dj strophic muscle and accompanymg crea- 
tinuria (7, 10) also suggest that an elevated phosphorus metabolism occurs 
in muscular djstrophj Creatme as phosphocreatme is a link m the 
muscle phosphate cj cle An excessive and contmuous loss of creatme from 
the muscle vould impair the resjmthesis of phosphocreatme and, therefore, 
the transfer of phosphate in the carbohidrate cycle The resultant de- 
crease in the efficiencv of the utilization of phosphate uould cause an 
mcrease m the rate of phosphate tumor er In the presence of maiked 
phosphorus, this shon ed up as an mcrease m the P* P ratio of the muscle 

In the absence of anj change in phosphorus content, an mcrease in the 
rate of phosphorylation of one tissue rvill eventualh be reflected m the 
phosphorus turnover of other tissues Thus, there are tno possible in- 
terpretations of our finding that prolonged r itamin E deficiencj causes an 
mcrease m the phosphorus tuniovei of the bone and soft tissues (1) The 
lack of tocopherol may exert a general effect in raising the phosphorus 
metabohsm, m vhich case the bone and soft tissue changes would be the 
direct result of the deficiency (2) The primary effect maj be limited 
to the muscle and the increased phosphorus turnoi er observed n the other 
tissues would be a reflection of the increased muscle tumoier Our data 
furnish no clue as to the primarj and secondary nature of the elei ation 
of the phosphorus metabolism in the bone and soft tissues Howei er, the 
second interpretation can be supported b 3 the report of Kaunitz and 
Pappenheimer (8) Thej'present some endenee to show that the ele\ ation 
in oxj'gen consumption is limited to muscle, for the hi ers of their xatamm 
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E-deficient animals did not show an increased QO- and the elevation in basal 
metabolic rate could be accounted for b} the increased oxidation m muscle 

The fact that both prolonged vitamin E deprivation and oierdosage 
caused a shift m P metabolism m the same direction appeared at first to be 
paradoxical It is endent, however, that the two conditions areqmtedis- 
tmct m regard to their influence on P turnover (1) In the bone, at least, a 
large excess of tocopherol caused a sigmficant increase in turnover at all 
the ages studied, while lack of the vutamm resulted in a significant increase 
only m the oldest rats, the animals which had been on the deficient diet for 
the longest time (2) There is a quantitative difference m the two pic- 
tures In the femur, where the largest and most consistent increases oc- 
curred, the P tumov^er in animals on the high vitamin E diet alwaj's 
exceeded the value for the vntamin E-deficient rats In the soft tissues, 
the difference is less marked, but there is a trend m the same direction 
(3) No muscular lesions w^ere found in animals which had received a large 
excess of tocopherols foi long penods of time On the other hand, a rare- 
faction of the long bones has been observed* under these conditions 
This effect on P metabolism seems to be limited to v er}' high ov'erdosage, 
at least 100 times the estimated dailv requirement, for ammals on a moder- 
atelj high tocopherol mtake showed no increase m P turnover 

Until further work is done to elucidate the metabolic effects of vita- 
min E deficiency and overdosage, we can onlv conclude that both con 
ditions bring about an over-all increase in phosphorus turnover The 
effects of the two conditions on phosphorus metabolism are similar, but 
not identical, and presumably the underlying mechanisms are not the 
same 

Acknowledgment is made to Dr G Dessauer for radioactiv^e phosphorus, 
to Air J Bonner for the buildmg and mamtenance of the Geiger-Muller 
counters, to Dr K C D Hickman, Di H C Hodge, and Dr K E Mason 
for their interest and advice, and to Mr M Joffe for technical assistance 

SUVIVURV 

1 The phosphorus turnov'er of the bone, kidney, blood, and gemtals of 
lats of v'anous ages on low vitamin E, high vitamm E, and normal diets 
has been compaied 

2 Prolonged tocopherol deficiencj’’ lesulted m marked elevation of phos- 
phoiais tm-nov er m the bone and soft tissues at 19 weeks of age, a trend m 
this direction w as apparent at 8 and 13 w eeks 

3 Excessiv^e vitamm mtake, 100 mg of natural mixed tocopherols per 
rat per dav , caused an mcrease m the phosphorus metabohsm in the bone 

‘ Hams, P L , and Joffe, III , unpublished data 
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at all ages studied Sometimes the phosphorus turnover m the soft tissues 
vas elevated, sometimes this did not occur 

4 A moderately high vitamm E intake, 10 mg of tocopherols per day, 
brought about no change m phosphorus metabolism 

5 Vitamm E, under our experimental conditions, had no effect upon the 
P content of the tissues nor was there any apparent sex difference m re- 
sponse 
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THE KINETICS OF THE ENZYME-SUBSTRATE COMPOUND 
OF PEROXIDASE 

Br BRITTON CHANCE 

{From the Johnson Research Foundatton, University of Pennsylvania, Philadelphia, 
and the Physiological Laboratory, University of Cambridge, Cambridge, England) 

(Received for publication, May 26, 1943) 

Studies on the over-all kmetics of enzyme action revealed m the majority 
of cases and over certam concentration ranges that the enzymatic activity 
was 1 elated linearly to the enzyme concentration and hyperbohcally to the 
substrate concentration On the basis of such evidence Michaehs and 
Menten (13) showed that such relationships were explamed on the assump- 
tion that an intermediate compound of enzyme and substrate was formed 
E -f S — ♦ ES —yE + P As the rate of formation of such a compound 
w as assumed to be quite rapid, the rate of breakdown w as the rate-determm- 
ing step This theory was extended by Bnggs and Haldane (2) who 
pomted out that the rate of formation of the mtermediate compound could 
in certain cases be limited by the number of collisions of enzyme and 
substrate, and modified the Michaehs theory accordmgly The resultmg 
theory has been extremely useful as a first approximation in the explana- 
tion of enzyme action and has given a basis for the comparison of different 
enzymes in terms of their affinity and activity 
The reaction velocity'^ constants are, however, lumped mto one term, 
the Michaelis constant, and are not separately determined It is the 
purpose of this research to determine these constants separately, and to 
show whether the Michaelis theory is an adequate explanation of enzyme 
mechanism Moreover, studies on the ovei-all enzyme activity do not 
peimit a determination of w'hether the enzyme-substrate compound exists 
m fact and, if it exists, whether such a compound is responsible for the 
enzvme activitv 

Several attempts have been made to identify^ enzyme-substrate com- 
pounds Stern (16) made diiect spectroscopic measurements of the com- 
pound of catalase and ethy 1 hydroperoxide and found that this compound 
was unstable and decomposed after several minutes in the presence of 
1 11 ethyl hy dioperoxide This was mterpreted to mdicate that the mter- 
mediate compound w as responsible for the decomposition of all the ethy 1 
hi dioperoxide m this period Although mdependent tests showed that 
ethil hydroperoxide was decomposed by catalase, no data were given on 
the amount or late of decomposition of ethy 1 hyffiroperoxide in the spectro- 
scopic expenment (Green (8)) 
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Keilm and Mann (11) studied the compound of peroxidase and hydrogen 
peroxide bj' visual spectroscopy Theu- observations mclude the fact that 
a spectroscopically defined compound of peroxidase and hydrogen peroxide 
is formed and that this compound rapidly decomposes m the presence of 
an oxy'gen acceptor WTiile these experiments mdicate the existence 
of an unstable mtermediate compound, no direct relation betveen this 
mtermediate compound and the enzymatic activity is given A con 
elusive proof of the Michaehs theory rests on such evidence 

This paper describes a detailed study of the compound of horseradish 
peroxidase and hydrogen peroxide, an enzyme-substrate compound The 
enzyme actmty m the presence of leucomalachite green, an acceptor, and 
hy^drogen peroxide, a substrate, has been studied m the usual manner 
and the Michaehs constant determmed A new apparatus and a new 
method of studymg the kmetics of rapid reactions ha\e been developed 
and used to measure directly the reaction velocity’^ constants which com- 
pose the Michaelis constant These are the rates of formation and break- 
dowm of the enzyme-substrate compound The equihbnum of enzime and 
substrate m the absence of an acceptor has also been studied These new 
data have then been compared with the Michaehs constant which has been 
detemuned m the classical manner A pomt by’^ pomt comparison between 
experiment and theory has been made possible by solutions of the dif- 
ferential equations representmg the Bnggs and Haldane modifications 
of the Michaehs theory In this way, the validity of the hlichaelis theory 
has been clearly demonstrated, and the important relationship between 
the enzyme-substrate compound and its activity has been clearly shown 
A prehmmary report of this w ork was given earlier (Chance (4)) 

Preparation and Standardization — ^The method of Elliott and Keihn (7) 
was used for the preparation of peroxidase The first alcohol precipitate 
was usually discarded and m a particular case 1 gm of enzyme, PZ = 256, 
was ob tamed from 7 kilos of horseradish The enzyme was kept in a 
volume of 75 cc and w as tested penodically for hematm iron and PZ ■ks 
neither the apparatus nor the mformation w as available at the tune, the 
peroxidase was not purified further m the manner recenth mdicated by 
Theorell (18) 

A typical preparation contamed 5 X 10~“ m hematm iron The light 
absorption w'as measured at 640 and 400 m;i wrth a gratmg photoelectnc 
spectrophotometer and it w as found that ewo = 12 ± 2 and euo = 125 ± 

1 PZ or purpurogalUn number indicates peroxidase actii ill m terms of mg of 
purpurogallm formed from pyrogallol in 5 minutes at 20° per rag of drj neig o 
enzyme preparation 12 5 mg of H O and 1 25 gm of pj rogallol in 500 ec o wa 
are used 
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(c = 1 niM, rf = 1 cm ) at pH 6 2 in 0 01 m phosphate buffer on the basis 
of totnl liemntm non llie extinction coefficients given do not represent 
those of a jiure iieroxidase 

Perlndiol, diluted to 1 m and kept at 0°, uas tested periodically by per- 
manganate titiation Fuither dilutions weie fleshly made up before 
each expel iment 

A shghth oxidized satin ated solution of leucomalachite green in 0 05 m 
acetic acid v as standardized by oxidation m the presence of peroxidase and 
hj drogen peroxide The light absorption at CIO m^x v as measured and the 
concentration determined in terms of a standard solution of malachite 
green (eeu = 50) The pH u as maintained by 0 05 m acetate buffer at 4 1 

Method 

This IS set forth elsew here (Chance (3, 5, 6)) The Hartndge-Roughton 
(10) flow method has been modified to give fluid economy and photoelectnc 
resolution greatlj' exceeding the designs of Roughton and Millikan (15) 
and adequate for the direct measurement of the kinetics of the hematin 
compounds in a 1 mm bore obsen^ation tube at concentrations of 1 X 10~' 
mole of hematin Fe per litei The apparatus is shown m Fig 1, and details 
of the various parts may be obtained in the references above 
Controls — Detailed controls on the efficient mixmg by this apparatus 
have been desenbed m a previous paper (Chance (3)), mdicating that the 
mixmg w as essentiallj’' complete in 2 X 10”^ second for the highest values of 
flow velocity In these experiments the times were long compared to 
the minimum time range of the apparatus 
Controls on the Imeanty of the photoelectric S 3 'stem were carried out by 
plotting deflection of the lecoider against concentration of the reactant and 
a Imear relationship w as obtained, as the light absorption was very small 
Undei ceitain conditions, the pioduction of malachite green may inter- 
fere with the measurement of the kinetics of the intermediate compound 
The absorption of the djj-e is rather high at 420 m^i, as shown m Fig 2, and 
w ould add to the absorption of the enzjme A 4 X 10 ' m malachite green 
solution w ould cause a 3 per cent error in the measurement of 1 X 10 m 
hematin Fe peroxidase solution This sets a limit to the amount of mala- 
chite green formed m the presence of a given amount of enzjune 
A compensation for the effect of malachite green absorption was effected 
by varying the relative amounts of light mcident on the 370 and 430 m^ 
filter combmations so that the absorption of malachite green affected each 
photocell equally 

. , logic lo/I 

c (extinction coefficient) = ^ ) x c (mM per lit^ 
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Fig 1 Syringe unit, photocell unit, 
static shields are removed 


and assembled apparatus Light and electro 


Procedure 

In order to explain the expenmental method more clearly the procedure 
used to obtam the data of Fig 3 will be outlined The enzyme solution 
was centrifuged before experiment m order to remove denatured protein 
and give a clear bromi solution Shortljr before an experiment, the enznnc 
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was diluted to 2 X 10 ' m hematm Fe Hjdrogen peroxide iias diluted to 
16 X 10 M just previous to an experiment A saturated solution of leuco- 
malacliite green in 0 05 sr acetic acid was diluted to 60 X 10~® m m acetate 
bulTer to make the final pH 4 0 

The syringes shown in Fig 1 w ere thoroughlj rinsed i\ ith cleaning solution 
and carefully flushed out inth water in order that there might be no trace 



Fig 2 The upper curves give the light transmission of enzyme, enzyme substrate 
compound, and oxidized acceptor under the conditions of Fig 3 The lower curves 
give the filter combinations used to measure the Kinetics of the reactions The 
trough depth was 16 times that of the 1 mm observation tube of the rapid reaction 
apparatus The spectral interval was approximately 8 mii The wave length 
markers read 15 m;i low 

of the enzyme m the tube which was to be filled with substrate and accep- 
tor The nght-hand syrmge was then filled with a mixture of 8 X 10”® m 
hydrogen peroxide and 30 X 10”' m leucomalachite green m 0 05 m acetate 
buffer These reactants were squirted mto the top of the synnge while the 
outlet w'as held closed with a small rubber pad mounted on a lever shown 
in Fig 1 The synnge plunger was then entered in the barrel and held m 
place at the top of the synnge by means of a plunger dnving block The 
left-hand syrmge was flushed out with water and filled with 2 X 10 ' m 
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enzjTne solution -nhile the outlet tube was again held closed by means of 
the stopper The plunger for the left sjuinge i\as then entered and fitted 
mto the driving block Both plungers were carefully pushed a fev mm 
down their respective barrels to make sure that they vere running smoothly 
and v ere accurately aligned The zero pomt of the recording mirror oscil- 
lograph was checked and a tnal run was made by sharply pushing the dnv- 
ing block approximately 1 cm This caused the reactants to he mixed 
and to flow down the observation tube very rapidly and, at the end of the 



1 


Fig 3 Mirror oscillograph recording of the production of malachite green (left) 
and the corresponding kinetics of the enzyme substrate compound (right) Time 
markers, 0 2 second Peroxidase = 1 X 10~* mole of hematin Fe per liter, H Oj = 
4 X 10~’ mole per liter, leucoraalachite green = 15 X 10“® mole per liter, pH ■= 4 0 

discharge, to stop before the photocell and light beam The progress of 
the reaction that ensued m the portion of liquid stopped m the path of the 
hght beam w'as measured directly by the photoelectnc amplifiers Either 
Amplifier 1 or 2 could be used, as shown m Chance (5) If the deflection 
was too large, the amplifier gam was readjusted so that the picture was 
approximately three-quarters of full linear scale If it w as then considere 
that the experiment w'as smtable for recordmg, the camera attached to the 
mirror oscillograph was set m operation, and the synnge plungers were given 
a second sharp push which caused the kmetic curves to repeat themselves 
In this way the kmetics of the mtermediate compound and the over a 
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reaction nere recorded This process was repeated until the synnges were 
complete^ discharged, and m most cases it ivas found that three to six 
cuia'cs could be obtamed from one filhng of the synnges 

A second expenment nas earned out immediately to cahbrate the maxi- 
mum concentration of the enzyme-substrate compound This iias done m 
the same manner as the first experiment except that the leucomalachite 
green i\ as omitted Hence the substrate concentration w ould be suflScient 
to saturate the enzjune completely, as was mdicated by mdependent expen- 
ment Tills reaction i\ as also recorded photographically The deflection 
corresponded to 1 X 10”' m hematm Fe enzyme-substrate compound and 
IS marked on Fig 10 

A third expenment nas necessaiy to cahbrate the amount of malachite 
green formed Malachite green, formed by peroxidase action, was diluted 
to 4 X 10”* mole per hter and used to cahbrate the photoelectnc amplifier of 
the system measunng the rapid reaction The nght-hand synnge was 
filled with the malachite green solution, and the left-hand synnge was filled 
mth Hater These tivo solutions Here pushed doivn, not simultaneously, 
but altematelj’’, so that the observation tube was filled first Hath malachite 
green and then water The resultmg deflection was recorded photographi- 
cally and gave the deflection correspondmg to 4 X 10~* m malachite green 
In this way, the amount of malachite green which had been formed m the 
expenment h as accurately determmed This cahbration pomt appears m 
Fig 10 These cahbrations Here made so that it was unnecessary to rely 
upon any long time stability of the photoelectnc amplifier or recordmg 
system 


Results 


Equtlibnum of Enzyme and Substrate 


, _ _ 

Peroxidase -f Hj02 , — - peroxidase HsOj 


( 1 ) 


This reaction was studied by direct photoelectnc measurements of the 
equihbnum concentration of enz 3 rme-substrate compound as a function 
of substrate concentration If hydrogen peroxide is mixed with peroxidase, 
the spectrum changes as m Fig 2 and the compound denoted peroxidase- 
H 2 O 2 , Complex I (Keflm and Mann (11)), is formed, as the substrate is not 
m great excess 

In order to measure this equilibnum it is essential that / 3, the first order 
velocity constant for the enzymatic breakdoivn of the mtermediate com- 
pound, be neghgible compared to ki, the second order constant for the com- 
bmation of enzyme and substrate, and the first order constant for the 
reversible breakdown of the enz 3 Tiie-substrate compound As Keihn has 
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pointed out, the small amount of acceptor present m the enzyme prepara 
tion may be oxidized by the addition of hydrogen peroxide and under these 
conditions the enzymatic breakdoivn of the enzyme-substrate compound is 
small Under these conditions the mtermediate compound appeared mod- 
erately stable at pH 6 2, although its concentration remamed constant for 
only 5 to 10 seconds at pH 4 2 However, complete stabihty was not 
essential for measurements m the rapid reaction apparatus, and it was de 
sired to carry out these reactions at the same pH as the other studies (4 0) 



Fig 4 Equilibrium of enzyme and substrate in absence of acceptor Ordinate, 
intermediate compound as total hematin iron, abscissa, initial HjOj pH = 42 


The experiments were carried out in this manner The left-hand syringe 
was filled ivith varymg concentrations of substrate, while the right-hand 
syringe was filled mth a known concentration of enzyme Both syringe 
plungers were then pushed downward in short, sharp pushes so that the ob 
servation tube was filled ivith mixed but unchanged enzyme and substrate, 
and, after the flow had stopped, the photoelectnc system measured ^ 
corded the rate of formation of the intermediate compound and the equi i 
rium concentration of enzyme-substrate compound This expenmen 
was repeated for different mitial substrate concentrations, and the equi i 
rium value of the enzyme-substrate compound is plotted in Fig 4 
mitial substrate concentration It is assumed that the maximum o ma e 
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corresponds to complete conversion of enzyme mto enz 3 Tne-substrate com- 
pound of concentration equal to the mdependently detennmed molar 
hematm iron 

The data of Fig 4 mdicate very small dissociation of the mtermediate 
compound, and the equilibrium constant estimated from tv o points on Fig 
4 givmg finite values is 2 X 10"' As the enzymatic breakdown of the 
enzjnne-substrate compound was not zero, this figure should be regarded as 
a minimum value Evidently the enzyme was nearly completely converted 
into its en^une-substrate compound by an equimolal concentration of sub- 
strate This mdicates that all this hematm iron existed as compounds 
capable of reacting similarly with hydrogen peroxide, i e forming a spectro- 
scopically defined intermediate compound 


Rate of Formaiton of Enzyme-Siibstrale Compound 
Peroxidase -f H O ' peroxidase HiOj 


( 2 ) 


The rate of this reaction has been determmed m the manner described 
before, namely, the nght-hand syrmge is filled with a 2 X 10“' m hydrogen 
peroxide solution, while the left-hand sjuinge is filled with a 2 X 10“' m 
hematm iron enz 3 Tne solution The syrmge plungers are agam pushed 
down rapidly, and the reaction was measured after the flow had stopped 
m the observation tube The half tune of this reaction was 0 1 second 
The experiment was then repeated with substrate concentrations from 0 5 
to 8 X 10“' M The half time and curve shapes of these data were meas- 
ured, and it was found that a bimolecular equation approximately satisfied 
the vanation of rate wth substrate concentration Higher substrate 
concentrations have not been used to a great extent, as there is some ques- 
tion whether or not a compound of different spectral absorption denoted 
peroxidase-HjOs, Complex II (Keilm and Mann (11)), might be formed 
There is also slight evidence to lead one to beheve that the reaction might 
not follow a bimolecular course at substrate concentrations greater than 
10 X 10“' mole per hter Experiments m which concentrations of sub- 
strate lower than 0 5 X 10“^ mole per hter are employed mvolved larger 
experimental errors, oiving to the small changes m light transmission 

The data fit a second order kmetic equation, as Fig 5 shows Over a 
range of enzyme concentrations from 1 to 2 X lO”^ mole of hematm Fe 
per hter and a range of substrate concentrations from 0 5 to 4 X 10 
mole per liter the mean value of the second order velocity constant was 1 2 
X 10’ hter mole"’ sec “‘ The mean error is 0 4 X lO’ The previoi^ 
section gave the ratio of to Ai as 2 X 10“', or larger, hence la is 0 2 sec 
or less 

It IS now apparent that the enzyme and substrate unite with extreme 



562 


KINETICS OF PEROXIDASE 


rapidity to form a relatively tight complex, and it is mterestmg to note 
that the ratio of h/h is considerably smaller than the Michaehs constant 
determmed by measurement of the over-all enzyme action (5 X 10'‘, 
Mann (12)) A,j is possibly far greater than A.; m the case of peroxidase, 
and this vnll be shown to be trae m the next section 



Fig 5 ICinetios of formation of intermediate compound plotted for tiro values 
of substrate concentration according to the second order equation = 9 X 10‘ 
liter mole"' sec pH = 40 


Rate of Breakdown of Enzyme-Substrate Compound 
A -f peroxidase HiOi peroxidase + H 0 + jIO 


(3) 


The decomposition of the intermediate compound m the presence of an 
oxygen acceptor is shoivn schematically by Equation $ We will choose an 
oxj'gen acceptor m the presence of which peroxidase has a high activity 
The oxidation products must not mterfere with the measurement of the 
enzyme-substrate compound This restnetion eliminates acceptors hhe 
pyrogallol, h}’'droqumone, and guiacol, while leucomalachite green and 
ascorbic acid were found to be most satisfactorj'’ In order to demonstrate 
the effect of such oxygen acceptors on the enzyme substrate compoun , 
the enzjme is mixed mth substrate and acceptor, and the kinetics of t e 
mtermediate compound are observed In Fig 6 the concentration,of e 
intermediate compound is recorded as a function of tune for various con 
centrations of ascorbic acid (In contrast to the results of Tauber ( 0 
a polyphenol n as not essential m this process ) The nght-hand s}Tinge is 
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filled a mixture contammg 8 X 10 ' m HjOj, 0 05 m acetate buffer, 
pH 4 2, and varying concentrations of ascorbic acid The left-hand synnge 
IS filled Mutli 2 X 10 ® M enzyme solution The curves show that in the 
presence of 2 9 X 10 ° mole of ascorbic acid, the mtermediate compound 
IS stable for a long period of tune The stability of the compound is m- 
dicated, of course, by the length of tune required for its concentration to 
fall to zero, for this is taken to mean that all the substrate has been con- 



Fio 6 The effect of an acceptor on the kinetics of the enzyme substrate 
compound B = 1 X 10~‘ mole of hematin Fe per liter, HjO* = 4 X 10"* mole per 
liter, ascorbic acid as indicated in micromoles per liter, pH = 42 



Pro 7 The effect of substrate on the kinetics of the enzyme substrate com- 
pound E = 1 X 10"‘ mole of hematin Fe per liter, ascorbic acid approtin^ately 

14 X KT' mole per liter, initial H20s as indicated in micromoles per liter, pH = 4 2 

sumed The curves of Fig 6 for higher concentrations of ascorbic acid 
clearly show a marked decrease m this mterval The curves also indicate a 
decrease m the maximum concentration of the enzyme-substrate compound, 
, nuth mcreasmg ascorbic acid concentration This decrease m pmai 

15 due to the higher rate of breakdown of the intermediate compound The 
low value of in the 2 9 X 10"® m ascorbic acid curve is believed due 
to experimental error 

The effect of the substrate concentration is showTi m Fig 7, when the 
acceptor concentration has been mamtamed m excess of the substrate con- 
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centration The first interesting feature of this family of curves is the 
vanation of height of the curves with substrate concentration, giving a 
method of directly studying enzyme-substrate affimtj frpm measurements 
of the enzjine-substrate compound rather than from the over-all enzyme 
action It IS seen, for the particular value of ascorbic acid concentration, 
that the enzjine is one-half saturated by 1 X 10“^ ii tnilial substrate con- 
centration It should also be noted that the area under each curve m- 
creases regularlj with the initial substrate concentration One would 
expect this, as the rate of breakdown of the enzyme-substrate com 
pound, should be constant as the acceptor concentration is maintained 
constant and it ls found that the area under the curve is proportional to 
the total amount of hydrogen peroxide consumed 

W hile 1 3 can be determmed from the kinetics shown above, we hav'e jet 
to dev ise an experiment in w hich the rate of breakdown of the intermediate 
compound is determmed from both enzyme-substrate kinetics and the rate 
of production of oxidized acceptor Tlus experiment ls of great importance 
in determinmg the relation betw een the over-all reaction and the kinetics 
of the enzjTiie substrate compound The rate of disappearance of ascorbic 
acid could not be measured with this apparatus, as it was not adaptable for 
w av e-lengths below 350 m/t Leucomalachite green w as used as an ox-j gen 
acceptor for the following reasons (1) The mechanism of its oxidation 
appears sunple compared to that of pyrogallol (2) The absorption is 
quite strong and does not seriously interfere with the measurement of the 
enzyme absorption (3) The linearity betw een enzjmie concentration and 
rate of formation of malachite green is quite good 

One experimental difficulty in the use of leucomalachite green is a vana 
tion m the amount of the dj e formed Only when the leuco base is partially 
oxidized IS the full amount reahzed and not even then at higher enzjane 
concentrations This phenomenon is not completely understood 

On the right-hand side of Fig 3 are shown the kmetics of the intermediate 
compound recorded by a photokymograph The time is read from left to 
right with markers every 0 2 second The break m the base-lme corre- 
sponds to the moment w hen the syrmge plungers w ere pushed downwards 
and, after 0 1 second, the flow stops and the reaction of enzjme, sub 
strate, and acceptor proceeds The formation of the mtermediate com 
pound occurs qmte lapidly, as is mdicated by the abrupt upwmrd deflection 
of the tracing Within 0 1 second the enzjme substrate compound has 
reached its maximum concentration (pn^x.), and it maintains a steady state 
for 0 2 second After this time the substrate concentration has fallen 
such a value that the rate of formation of the intermediate compoun no 
longer balances its rate of breakdown Hence its concentration deere^ 
rapidlj-^ and in 1 second has fallen to zero, and the enzyme is all libera 
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The calibrations above indicated that = 0 85 X 10~® mole of hema- 
tm Fe per liter m this experiment 

On the left side of Fig 3 is shown the rate of production of malachite 
green bj the enzyme system under identical conditions Here again the 
break in the base line indicates a push of the syringe plungers However, 
the a er\ rapid vipn ard deflection m this case simply represents cleanng out 
malachite green from the previous run After 0 1 second the flow stops and 
the production of malachite green begins just as soon as the intermediate 
compound has formed The reaction continues at nearly constant velocity 
as long as the concentration of the intermediate compound is constant 
(Tlie slight x'anation in slope is due to expenmental error ) Vs this falls, 
so falls the rate of the over-all reaction, and both reach zero at approxa- 
mately the same time Calibrations given above indicated that 4 X 10“' 
mole of malachite green w as formed m this expenment 

Tins verj simple expenment gives qualitative indication that the re- 
lationship between the kinetics of the enzjone-substrate compound and the 
over-all enzj me activitj is that predicted by the Bnggs and Haldane modi- 
fications of the Michaelis theory 

These experiments ha\e been earned out for substrate concentrations 
ranging from 5 X 10”' to 8 X 10“' mole per liter At the lower concen- 
trations the error in recordmg was somewhat large, and at those higher than 
6 X 10“' mole per liter the transmission change due to the formation of 
the quantity of malachite green mterfered with measurements of the enzyme 
kinetics (see “Controls" above) Enzyme concentrations ranged from 2 5 
X 10"’ to 2 X 10“' M hematm Fe Lack of an adequate supph" of enzjune 
limited the highest concentrations to 2 X 10 ' m hematm Fe 

Interpretation 

Calculation of k , — The "Appendix” gives methods for determming /j 
from the over-all reaction (Equations 9 and 12) and from the enzjmie- 
substrate kinetics (Equations 11, 13, and 16) 

The rate of the over-all reaction is 4 3 X 10“' mole of malachite green per 
second and pou,* = 0 85 X 10“' mole per liter From Equations 9 and 
12, = 5 1 sec 

From the enzyme-suhslralc kinetics there are available the follownng data 
for Equation 13 

ki = 1 X lO’ liter mole"' sec a;o = 4 X 10 ' mole per liter 

Pmar = 0 85 X 10“' mole per liter and L2 = 0 2 sec 

/ pdl is evaluated graphically at f = 0 24 second when p = Pratr and 

Jo 

found to be 0 17 X lO"' mole second, hence A.3 = 4 3 sec ' for / 2 = 0 and 
4 2 sec “' for kj = 0 2 sec 
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/ 'pdl also may be evaluated graphically at < = « when p = 0 and x = 
Jo 

0 The mtegi al is found to be 0 84 X 10~' mole second and on substitution 
in Equation 11, kz = 4 8 sec 

Accordmg to Equation 16, the value of kz is given by /j) As 

f j = 0 9 second, kz is calculated to be 5 2 sec ''' 

The rate of breakdoivn of the enzyme-substrate compound m the presence 
of ascorbic acid is determmed from the data of Fig 6 Using convenient 
Equation 16, we find in Fig 8 that the vanation of kz with ascorbic acid 
IS of such a nature that kz divided by the ascorbic acid concentration gives 
a constant indicative of a second order combination of acceptor and 
enzyme substrate compound The same relationship held for leucomala 
chite green, and the correspondmg quotient is 3 X 10‘ liter mole”‘ sec 



Fig 8 Variation of Ij with acceptor concentration was obtained by Equation 
16 from data of Fig 6 

The constancy of kz for a given acceptor concentration is given in Fig 
9 for the data of Fig 6 on the basis of Equation 16 The experimental 
check of the equation is satisfactory although the acceptor concentration 
was somewhat depleted m two reactions ivith higher substrate concen 
trations 

A particular curve for Xo = 1 0 X 10~* mole per liter has been exanuned 
and kz at 14 X 10“® m ascorbic acid is found to be 2 2, 2 0, and 2 5 sec 
from Equations 16, 11, and 13 respectively 

There is then substantial agreement between values of kz calculated 
from three different pomts of the enzyme substrate kinetics corresponding 
to the times p = Pmax, p = Pmax /2, and p = 0 (t = “) and between 
values of kz determmed from the over-all reaction 

Calculation of Michaehs Constant — ^There are three waj^ by "n*® 
can determine the Michaelis constant and thereby check the vali i y o 
the theory 
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The first inethod is to calculate this constant from I 2 , U, and h nhich 
lia\e all been e\perimentally determined A.3, calculated solely from the 
Uncltcs of the crictjme-subslrate compound above, is found to be 4 2 sec 
A I IS found to be 1 X lO’ liter mole ’ sec and a mmimum value of 
0 2 sec The IMichaelis constant is then calculated to be 0 44 X 10“' 
from Equation 8 

This value maj also be calculated accordmg to Equation 8 from Con- 
centrations Ailuch obtain dunng the steady state The saturation of 
the enz^Tne, pmai., is knoim from the evpenment and the correspondmg 
value of X may be leadilj determmed It is important to note that 
the 1 alue of x is not the initial concentration of substrate as is usually 


■o’ 



Fig 9 Experimental test of Equation 16 indicating constancy of hz for varying 
substrate concentration and fixed acceptor concentration From the data of Fig 7 

the case when this uutial concentration is so large compared vuth 
the enz3Tne concentration that the amount of substrate combmed ivith 
enz3’me is relatively small The value of x when p reaches pmai is 
calculated from the experimental data m three ways which foUov 
(a) X is readily calculated from Equation 11, as we have already detemuned 
the necessary quantities pm«i is equal to 0 85 X 10“^ mole per hter, 

I pdf IS 0 17 X 10“' mole second, and Ao is 4 2 sec x is 2 4 X 10" mole 

-6 

per liter and Km, calculated from Equation 8, is 0 43 X 10 mole per 
liter This method is, of course, not mdependent of the calculation of A3 
shown previously, nevertheless, all the data used to determme Km m this 
maimer are obtamed from concentration measurements of the enzyme- 
substrate compound during the steadj’’ state (6) The amount of sub- 
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strate iihich has been consumed by the tune p reaches its maximum \alue 
can be determined from Fig 3 (nght) by a second graphical method The 
area under the whole cunm for the kinetics of the enzyme substrate 
compound represents the disappeaiance of 4 X 10“' mole of sub- 
strate In fact, this is true for / pdt = 0 8i X 10”' mole second and 

Jo 

• ^eo 

the mean value of A3 = 4 9 sec“\ -whence A3 / pdt = iO X 10”' mole, 

the mitial substrate concentration The area undei the curve from time 
zero until p reaches its maximum value is representative of the amoimt 
of substrate vhich has been decomposed during that tune and this is 
0 9 X 10”' mole of decomposed substrate To this ive must add the 
amount of substrate -which is combmed with the enzyme, Pm.i From 
this, X IS readilj calculated and the Michaelis constant is found to be 

0 40 X 10”' This method is completely mdependent of a determmation 
of A3, as this quantity appears m both numerator and denommator (c) 
If we assume that for each molecule of malachite gieen formed 1 molecule 
of substrate has been decomposed, -w'e have directh the amount of sub 
strate that disappeared enzymatically At 0 24 second this is 0 9 X 10”’ 
mole When pmax is added to this, the Michaehs constant is calculated 
to be 0 40 X 10”*, which agrees very closely -with the other values deter 
mmed mdependently 

The classical determmation of the Michaelis constant by Mann (12) 
gives 5 X 10”' mole per liter at pH 4 0 and an acceptor concentration 
of 0 007 per cent This constant varied lmearl3 with acceptor concen 
tration over this lange These data also mdicated a Imear relationship 
Hence Mann’s value of Km was reduced to our acceptor concentration 
by di-nding by the concentration differential, 10 This gives 0 5 X 10 > 
-which agrees fairlj well ivith the above mdependentlj determined values 
m new of the w idely different enzyme and substrate concentrations 

Correlahon wilh Complete Solidtons of Michaelis Theory — ^While previous 
data suggest the validitj’- of the Michaelis theorj’’, a much more convincmg 
proof IS furnished bj’’ the data on the superposition of the differential 
analyzer (see “Appendix”) and direct experimental cuiaes 

The solid curves m Fig 10 show the kmetics of the enzjme-substrate 
compound (right) and the ovei-all reaction (left) for the following values 
of reaction velocity constants and concentrations c = 1 X 10^ 
per liter, xo = 4 X 10”' mole per liter, Ai = 0 9 X 10^ liter mole sec , 
Aj = 0 sec A3 = 4 5 sec The experimental curves of Fig 3 (e - 

1 X lO”' mole of hematin Fe per liter, xo = 4 X lO”* mole per liter, eu 
comalachite green = 15 X lO”* mole per hter, pH = 4 0) are plotted as 
circles to the proper scale m Fig 10 The independently determin 
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values of reaction velocity constants are = 1 2 X lO' liter mole“' sec 
S 0 2 sec \ = 4 9 sec ^ (mean) Remarkably good agreement is 

obtained m viev of the possible erior m all experimental quantities re- 
quired to detemune the mathematical solution 




Fig 10 A comparison of experimental enzyme substrate and “over all” kinetics 
(circles) mth a mathematical solution of the Michaelis theory for experimentally 
determined reaction i elocitj constants and concentrations (solid lines) 



Fig 11 Effect of variation of reaction velocity constants and concentrations on 
the shape of the mathematical solutions of the Michaelis theory 

The overshoot m the experimental pomts (Fig 10, right) is possibly 
due to madequate speed of response m the photocell amplifier The scatter 
of pomts (Fig 10, left) is thought to represent an instrumental rather 
than mtrmsic irregulanty 
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Calculations shon that the mathematical solutions are quite sensitive 
to changes m the expenmental values xo and cause large changes in 
ij, nhile ki and affect pmux and the shape of the eun^e as shown in Fig 
11 The effect of enzyme and leucomalachite green concentration is not 
given by the mathematical solutions but would be large 


DISCUSSION 


The extreme rapidity of the umon of enzyme and substrate is mdicated 
by the second order rate constant of 1 X lO’ liter mo]e“^ see It is very 

mterestmg to note the similarity of this rate to the measured value for 
oxygen and muscle hemoglobin, 1 9 X lO’ hter mole"'' sec (Milbkan 
(14)) Haldane’s (9) calculated minimum rate for the union of catalase 
and hydrogen peroxide of 0 76 X 10^ hter mole~‘ sec is quite similar 
also If it IS assumed that the reversible breakdown of the enzyme sub- 
strate compound is also slow m the case of catalase and hydrogen peroxide, 
the sirmlanty between the catalase and peroxidase values is more stnbng 
Such concordance m the rates of union of small molecules and proteins 
would lead one to question whether or not these reaction velocities were 
limited by the number of collisions While experiments made at 0° indi 
cate but little change in the rate of formation of the enzj me substrate 
compound, these results are prehmmary and should not be used to sub 
stantiate the conclusion that the joinmg of enzyme and substrate is a 
colhsion-limited process 

The equihbnum of enzyme and substrate was directly studied as the 
irreversible breakdown of the mtermediate compound (I,) was qmte sma'! 
m the absence of acceptor The equihbnum constant was found to have 
a mimmum value of 2 X 10“® This mdicates an extremely tight complex 
of enzyme and substrate, and this value is of the same order as that for CO 
hemoglobm, although the mdividual rates differ considerably Cjdo 
chrome c peroxidase-hydrogen peroxide evidently dissociates more 


readily (1) 

The studies on the enzymatic function of the enzyme substrate compound 
were also earned out with ascorbic acid and leucomalachite green as 


acceptor, the latter over a rather narrow range, as the absorption of dve 
mterfered with the measurement of the enzyme-substrate compound The 
Michaehs theory has been checked by vanous determmations of the 
Michaebs constant The first method is from kinetic data, nameh, the 
rate of formation of the enzyme-substrate compound, the rate of reversib e 
breakdown, and the rate of its irreversible breakdown mto free enzyme 
and altered substrate The Michaelis constant was determined from 
the sum of the last two divided by the first This was also determm 
from concentration measurements at the steady state, when the concen 
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tration of the intermediate compound passed through its mavimum value 
From this maximum value and the corresponding substrate concentration 
ue can agam directlj^ calculate the Michaelis constant The third method 
IS the classical one therein the rate of the over-all reaction is measured, 
and the concentration of substrate givmg one-half maximal activitj' is 
determined To these three methods a fourth one has been added to 
take advantage of tlie fact that the data are complete kmetic curves of the 
enEjme-substrate compound, and therefore, mth complete solutions of 
the Michaelis equation ue may compare, pomt by pomt, theory and 
experiment 

In all cases m the range of experimental concentrations the kmetics 
of the intermediate compound nere related to the kinetics of the ovei-all 
reaction in a manner explamed by the Michaelis theory, substantiating 
the conclusion that the mechanism of a second order combmation of 
enzjme and substrate folloued by a first order decomposition is essentially 
correct for peroxidase action at this particular acceptor concentration 

The rate of breakdomi of the intermediate compound of peroxidase 
and hydrogen peroxide is very small compared to that of catalase kj = 
3 X 10^ sec The value for catalase assumes that the Michaelis theory 
holds and that a cham mechanism is not responsible for the enzyme action 
The peroxidase kmetics mdicate that a cham mechanism plays no promi- 
nent part, if a.ny, as the mduction period m the production of dye is no 
longer than is required by the formation of the enzjme-substrate com- 
pound and there is also no further production of dje after the enzyme- 
substrate compound has disappeared It is possible that the difference 
betueen these tuo enzymes hes mainly m the slower breakdomi of the 
peroxidase mtermediate compound 

It IS of considerable ifaterest to know whether there is a bimolecular 
combmation of the enz 3 me-substrate compound and the acceptor No 
spectroscopic evidence of such compound formation from 360 to 600 m;i 
was found However, kmetic evidence for such a combmation is given 
by the vanation of the enzyme activity with acceptor concentration The 
rate of production of malachite green and the effect of ascorbic acid on 
the kmetics of the enzjme-substrate compound strongly suggest a bi- 
molecular combmation ivith acceptor in accordance with Mann (12) 

The mechanism by which the acceptor is oxidized is still obscure As 
this may take place through smgle electron changes m\ ohmg the forma- 
tion of a free radical of the tnphenyhnethjd type m the case of malachite 
green, studies were made’ to find spectroscopic evidence for such interme- 
diates While no data were obtamed in the visible spectrum, the question 
IS still open 

’ Dr Fred Karush collaborated in this study 
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SUMMARY 

Under the narrow range of experimental conditions, and at a tempera- 
ture of approxunateh 25°, the following data were obtamed 

1 The eqmhbnum constant of peroxidase and hydrogen peroxide has 
a minimum value of 2 X 10”® 

2 Tbeielocitj constant for the formation of peroxidase-HsOj Complex 
I IS 1 2 X lO’ htei mole”* sec ±0 4 X 10* 

3 The \elociti constant for the reversible breakdown of peroxidase- 
H;Oj Complex I is a neghgible factor m the enzyme-substrate kinetics 
and IS calculated to be less than 0 2 sec ”* 

4 The \ elocitv constant, h, for the enzjmatic breakdown of peroxidase- 
H«0: Complex I laiies from nearlj-' zero to higher than 5 sec ”*, depend 

' mg upon the acceptor and its concentration The quotient of h and the 
leucomalachite green concentration is 3 0 X 10* liter mole”* sec ”* For 
ascorbic acid this has a value of 1 8 X 10* hter mole”' sec ”* 

5 For a particular acceptor concentration, i, is determined solelj 
from the enzyme-substrate kinetics and is found to be 4 2 sec ”* 

6 For the same conditions, kj is determmed from a simple relationship 
derived from mathematical solutions of the Michaelis theorj'- and is found 
to be 5 2 sec ”' 

7 For the same conditions, kj is determined from the over-all enzyme 
action and is found to be 5 1 sec 

8 The IMichaelis constant determmed from kmetic data alone is found 
to be 0 44 X 10”® 

9 The IMichaelis constant determmed from steady state measurements 
IS found to be 0 41 X 10”* 

10 The Michaehs constant determined from measurement of the over- 
all enzjme reaction is found to be 0 50 X 10”* 

11 The kmetics of the enzjme-substrate compound closely agree mth 
mathematical solutions of an extension of the Michaehs theorj' obtained 
for experimental values of concentrations and reaction velocity constants 

12 The adequaci of the cntena by which experiment and theory were 

correlated has been exammed cntically and the mathematical solutions 
have been foimd to be sensitive to vanations m the experimental condi- 
tions j 

13 The cntical features of the enzyme-substrate kmetics are pra»i 
curve shape, rather than (j sen'es as a simple measure of dx/dl 

14 A second order combmation of enzyme and substrate to form e 
enzjTne-substrate compound, followed by a first order breakdown o t e 
compound, descnbes the activity of peroxidase for a particular accep r 
concentration 



B CHANCE 


573 


15 The kinetic data indicate a bimolecular combination of acceptor 
and enzjTiie-substrate compound 

It IS a verj'^ great pleasure to acknowledge the aid of Dr F J W Rough- 
ton, Di F A Cajon, Dr G A Milhkan, and Dr J G Bramerd, and the 
keen interest of Dr D W Bronk in this research The aid of the Amencan 
Philosoplucal Society is gratefully acknowledged It is also a source of 
regret that the problem could not be concluded where it was initiated 

Appendix 

Extension of Mtchaehs Theory 

These reactions are represented by Bnggs and Haldane as the bimolec- 
ular combmation of the enzyme, E, and substrate, S, to form an inter- 
mediate compound, ES, followed by a monomolecular decomposition into 
free enzyme and activated or altered substrate, Q, lepresentative of the 
products of the “over-all” enzyme action 

E + S ES -f 0 (4) 

U 

If e IS the total molar enzyme concentration, x the molar substrate con- 
centration, p the molar concentration of ES, ki the second order rate 
constant, and and A-j the first order rate constants, then 

= kix(e — p) — (As + A,)p (5) 

dl 

~ = — A,i(e — p) + Up (6) 

at 


These two equations represent the rate of formation of the mtermediate 
compound and the rate of disappearance of the substrate 
The solution of these equations has been already obtamed by Bnggs 
and Haldane for the special conditions of the steadj'^ state, when 


P — PmtJUt 



and 


Pmax ^ 

e X ^ Km 


( 7 ) 


wh^re 


Km 


As -h As 
A, 


X 


(c Pffiax ) 
Pzaax 


(8) 


A further solution vahd durmg the steady state is obtamed by adding 
Equations 5 and 6, 


dx 

di 


Pmtx. 


(9) 
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nhere dx/dt is the rate of disappearance of substrate This equation is 
useful for determining As 

In addition to these solutions for the stead 3 ’- state the general solution 
of these differential equations can be mdicated thus 


d(p + x) 
dt 


—Up 


( 10 ) 


and IS obtained bj’- addmg Equations 5 and 6 As p = 0 and a; = lo when 
t = 0, we ha\e, on integrating, 

X = Xu — p — u j pdi ill) 

Jo 


When dp/dl = 0, 



( 12 ) 


The right-hand member ma}'' represent the rate of appearance of ovidized 
substrate such as malachite green We may then use Equation 9 to 
calculate As 

Also w hen dp/dt = 0, p = p^^^ and at this tune Equation 7 is valid 
On solving Equation 7 for x and substitutmg in Equation 12, we have, 
after simplification, 

, AiCxo — PtD&x.)Cc — Pmu ) Ai Pm»TC. 

’ ~ r‘ ~ f' 

Pmn + Uie — Pmtx ) I pdl pmxx + Ai(e — PmvL.) I pdl 
Jq Jo 

This equation is useful to calculate As when the curve of p against 1 1 ® 
known as m the case of Fig 3 

As a check on the mathematics, let us substitute in Equation 13 the 
condition that is nearly equal to c, t is small, and x is nearly equal 
to To It will be seen that Equation 7 is obtamed as would be expected 

Complete Solutions for Michaelis Theory* — Under the experimental con- 
ditions it was found that the steady state existed only for a fraction of 
a second In order to determine whether the transient portions of the 
curves satisfied the Michaelis theory, solutions of differential Equations 
5 and 6 were reqmred For satisfactory solutions from the differential 
analj zer, the following substitutions were necessary Let 

A'. = 10* , A' = 10% T = A, ct 

A, = 10’^*, P = -, e = Aino-’ 

U e ^ . 

* These solutions were obtained with the aid of Dr J G Brainerd, Moore School, 

Umversilj of Pennsjhania 
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^ = (1 - P)Y - (X, + K^)P (14) 

^ = -(l-P)A’- + ^r,P (15) 

When c is equal to 1 X 10~' mole per liter, the expenmental value, 
then r IS equal to 0 and a senes of solutions of these equations may be 
obtained for this paiticular value of the enzyme concentration The 
solutions haie been earned out in this manner, and it should be noted 
that they are valid only for this enzyme concentration 
The mathematical solutions are given m Fig 12, and solutions have been 
obtained for Tfj = 0, Jfj = 0 to 2, and X# = 1 to 8 Solutions for Ki = 0 
to 8 and Xs = 0 to 8 m ere also made 
The upper portions of Fig 12 shoii the disappearance of substrate, X, 
and production of “oier-all” products, Q The substrate concentration 
starts at its imtial i alue, X = Xo, and falls to zero The “over-all” pro- 
duction, represented by K3 I Pdr, begins at zero and continues until the 

Jo 

substrate is exhausted 

The loner left portion of Fig 12 gives the ordinary solutions of the 
bunolecular reaction of enzyme and substrate, when X2 and Xj are zero, 
for four \alues of the initial substrate concentration, Xo 1 unit of the 
ordmate corresponds to p = e,^e, complete conversion of the enzyme 
mto the intermediate compound The abscissae, plotted m units of t, 
are conveited into time umts by the appropnate values of ki Directly 
above this is the disappearance of substrate due to the bunolecular reaction 
In the remaimng lower portions of Fig 12, X-, the velocity constant 
of the reversible reaction is zero and Kz has a finite value The concen- 
tration of the intermediate compound increases, passes through as a maxi- 
mum, and then falls to zero The maximum concentration and area under 
the curve increase with the substrate concentration Directly above are 
the corresponding curves for the over-all reaction The uutial rush m the 
kinetics of the disappearance of substrate and the mduction period in the 
formation of “over-all” products are significant features 

The abscissae m all cases are represented m umts of t and therefore a 
wade range of xalues of ki can be used The range of values of Xj, X3, 
and Xo IS that corresponding to the values for which solutions have been 
obtained Howeier, to determine or kz, K% or X3 is multiplied by k\ 
For larger values of L\ and Xo, and smaller values of X3, dpjdl will be- 
come quite small for a considerable time and solutions corresponding to 
dp/dt — 0 can easily be obtamed, as shown by Bnggs and Haldane (2) 
The families of curv^es obtamed from the differential analj^zer are ob- 
viously applicable to any reversible bimolecular combination and a con- 
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secutive monomolecular breakdown of the intermediate compound It 
should be noted that these mathematical solutions do not coUipletely 
descnbe peroxidase action, as they do not include the acceptor process 
Hence they are valid only for fixed acceptor concentrations giving con- 
stant 

A useful feature of these mathematical solutions is that they reveal 
arbitrary relationships between members of the famihes of curves As an 
example it is found from measurements of the mathematical solutions 



, % ( 16 ) 
•= T 

Proax 

IS the maximum value of p is the time requued for p to f^l from 

Pmai top„„/2 This relationship has been tested for expenmenta cun 

and found very satisfactory, as shown in Fig 9 
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If Equation 16 is combined mth Equation 9, m e find 

* dxhi 


(17) 


This indicates that there are a vaneh of curves of the same half mdth 
that Mould satisfj our e\perimental data The shape and pmav Mould 
be quite different 
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PURIFICATION OF INTERMEDIN 

I RECOVERY AND PURIFICATION FROM WASTE FRACTIONS OF SHEEP 
PITUITARY GLANDS 
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(From the Biological LahoraloTies, Harvard University, Cambridge) 

(Received for publication, October 1, 1943) 

Intermedin is the term mtroduced by Zondek and Krohn (1) to describe 
a hormone arising from the intermediate lobe of the pitmtary gland and 
possessmg the property of expandmg the erythrophores of the minnow 
Phoxmus The relation of mtermedm to another well established pituitar}’- 
chromatophorotropic hormone, the melanophore hormone, was imperfectly 
understood b}’’ the above authors, but subsequent workers (2, 3) claimed to 
have effected a separation of the t\\ o principles Recent work (4) , however, 
has shown that there is indeed no valid basis for the existence of two such 
pnnciples, and, m consequence, the prevaihng opmion now favors the behef 
that the pitvutarj' secretes one chromatophorotropic hormone which is 
capable of provokmg pigment nugration mthm vanous chromatophores 
(erythrophores, xanthophores, melanophores, etc ) For many reasons, the 
term mtermedm has been retained by many workers to denote the chro- 
matophorotropic principle of the pituitary For additional details concem- 
mg the physiological aspects of this hormone, the reader is referred to 
several recent comprehensive articles (5-7) 

The chemistry of mtermedm has long been neglected, and there exists 
only a fragmentary and mcomplete knowledge of its chenucal properties 
Intermedm is water-soluble, heat-stable, and dialyzable, three properties 
upon which all mvestigators are in agreement Its solubdity m alcohols is 
affirmed by some, denied by others With the exception of the lower alco- 
hols, however, mtermedm apparently is insoluble m all common organic 
solvents It IS remarkably stable to strong alkali, even when exposed at 
100° (for some time, at least), and many authors have reported that such 
treatment actually potentiates the physiological effect of the hormone 
Only fragmentary data exist with regard to its behavior towards mineral 
acids Some authors considered intermedm to be a poorly adsorbable sub- 
stance, others, on the other hand, have considered it to be strongly adsorb- 
able It has been known for about 20 years that the physiological activitj’' 
of mtermedm is lost after tryptic digestion of an mtermedm preparation 
This fact, m conjunction with the abihty of mtermedm to pass through 
natural and artificial membranes, has led to the opmion that mtermedm is a 
polj peptide How ever, m the absence of any data establishing the enzj - 
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matic nature of the inactivation of intermedin by trj^psm, the proof that the 
hormone has a peptide-like structure is not ivhoUy complete 
Several attempts have been made to purify and isolate mtermedm 
Zondek and Krohn speak of its isolation, but it is doubtful whether they had 
effected even a substantial purification, of the matenal Stehle (8) and 
BOttger (9) ha\ e published methods for secunng a preparation of the hor- 
mone 25- and 50-fold purified respectively All thiee methods mvolve 
prehmmarj evtraction of the hormone by boihng pituitary glands or dned 
pituitary pon ders m dilute acetic acid, dissolution of the extract m alcohol, 
and precipitation of the active matenal from alcoholic solution b)' the 
addition of some orgamc solvent such as ether, acetone, or ethjd acetate 
The purpose of this paper is to descnbe several methods by which prepa 
rations of mtermedm several hundred tunes purer than the ongmal gland 
tissue hav'e been ob tamed In addition, many new chemical properties of 
the hormone are descnbed Owmg to the cost of pituitai^’’ tissue, most of 
this mvmstigation was earned out on mtermedm salvaged from vaste 
fractions of a process of evtractmg pituitarj-^ tissue for the gonadotropic 
hormones (10) Only small amounts of mtermedm were salvaged, but bj 
accumulating the matenal over a penod of time sufficient hormone was 
obtamed to make the studj worth while Another difficult} encountered 
was that the methods for extractmg and punfymg the gonadotropic hor 
mones were bemg constantly altered and improved (11) The sources for 
the mtermedm therefore were different from time to time, with the result 
that certain changes m the recov^er}’^ procedure had to be improvised 

Methods 

The chemical procedures employed will be dealt with below The method 
of assay will be descnbed bnefiy Frogs (Rana piptens) are placed in a 
large box (30 X 30 X 20 mches), the sides and floor of which were covered 
with white oilcloth Twm 150 watt electnc lamps w ere suspended ov er the 
box so that the ammals were dlummated contmuoush 3 or more da} s m 
such surroundmgs sufficed to mduce a marked pallor (greenish yellow color) 
of the frogs, and only those possessmg a more or less uniform color of the 
skm w ere selected for assays The solution to be tested w as mjected m the 
dorsal lymph sac (0 5 cc total volume) of tw o frogs, and i hour later the 
ammals were observed to detemune whether a mmunal positive response 
(darkemng of the entire skm) had occurred If positiv e, progressive dilu 
tions of the solution were mjected until a pomt wns reached at which the 
frogs no longer responded The dilution just precedmg this pomt 
accepted as the end-pomt, and the total number of frog umts was calculat 
from the dilution The dilutions were made geometncally (X, X/2, X/ ■ 
X/8, etc ), so that the accuracy of the assay could be m theory no grea er 
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than ±100 per cent Ho^^ evei , this simplified routme method need not be 
more accurate in the early stages of punfication, smce the methods to be 
described jnelded almost total recovenes of the hormone However, if 
after a fractionation the ongmal activity vas found to be seriously divided, 
larger numbers of frogs (six to ten) were mjetted with several dilutions 
bndging the 100 per cent gap between a dose of X (giving a positive re- 
sponse) and X/2 (givmg no response) Thus more critical assays were 
obtamed 


EXPERIMENTAL 

Standard Tissue Powder — Commercial sheep pitmtary powder assays at 
100 X 10® frog umts per kilo, or 0 1 frog umt per microgram of sohds Fresh, 
frozen, sheep pituitarj' glands assay at 50 X 10® frog umts per kilo of wet 
Height 80 per cent, however, is usually the water content of these glands, 
hence the activity of the fresh tissue m terms of sohds is 200 X 10® frog umts 
per kdo, or 0 2 frog umt per microgram of sohds Thus fresh tissue is about 
tmee as potent with respect to intermedm as commercial pitmtaiy powder 
The loss of half the hormone content is probably due to the fact that the 
glands are dehydrated mth acetone and passed through boltmg cloths when 
prepared as commercial powders The above figures are averages m round 
numbers of several batches of tissue, u hether powdered or fresh Actually, 
however, the mtermedm content vanes from batch to batch 

To desenbe the extent of purification, the term specific activity will be 
used Specific activity will be defined as the number of frog umts of mter- 
medm per microgram of sohds of any preparation Small aliquots of any 
preparation were dned at 110° until a constant weight was attamed The 
specific activity of fresh tissue is therefore 0 2, that of powder 0 1 

Initial Extraction — 1 kilo of fresh sheep pitmtary glands, frozen with dr} 
ice, IS ground m an electnc null to a fine powder 2 liters of 2 per cent 
piTidme are added with stimng to emulsify the tissue powder After the 
mixture has stood overnight at room temperature, 10 per cent acetic acid is 
added until the pH of the emulsion is 5 0, and the emulsion centrifuged 
The pinkish supernatant fluid is decanted and stored while the residue is 
reextracted with 1 hter of 2 per cent pyridme m the same fashion After 
the pH IS adjusted to 5 0 with acetic acid, and the matenal centrifuged, the 
supernatant fluid is combmed with that of the first extraction This 
method had been m use m this laboratory (10) for some time It >ields 
about 4 hters of an extract that contains the gonadotropic, thyrotropic, and 
other anterior lobe hormones, and from 75 to 90 per cent of the total mter- 
medm content The residue (insoluble matenal at pH 5 0) of the two ex- 
tracts had always been discarded, but it w as found that it contamed from 
one-fourth to one-tenth of the total mtermedm content (the specific activitj 
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vaned from 0 03 to 0 07) and that the hormone could easily be salvaged 
The recov eiy of mtermedm from both the residue and from waste fractions 
of the extract will be described 

Recoiery of Intermedin from Residue — ^The residue described above 
emulsified m 2 hters of water, the pH of the emulsion adjusted to 50 
necessarj' wath 10 per cent sulfunc acid, and the mixture boiled for 15 
xnmutes On boilmg, the emulsion breaks mto a j eUowash clear solution 
and a heavj' graj precipitate The solution is filtered while hot through a 
coarse filter The residue is collected and boiled agam m a liter of water 
(acidulated to pH 5 0) This extract after filtration is combmed with the 
first, jneldmg about 3 hters of a clear 3 mllowTsh solution The solution is 
then poured mto large, round ev'aporatmg dishes and is evaporated under a 
hood bj means of a w arm current of air (40°) As the solution is being 
evaporated, a jellowash disk of gelatm forms on the surface of the solution 
This disk hardens as evaporation proceeds and when dt^' is removed and 
placed m a beaker containing 2 hters of cold distilled water (acidulated with 
H:;S 04 to pH 4 7) and kept at 5° for several days As subsequent disks form, 

thej' are similarly removed until all of the yellowish solution has been 
evaporated 

Tlie gelatmous disks soften and become whitish with contmuous leechings 
with water When no more yellow color is extracted, the gelatm is dis 
carded, and the combmed cold extracts are evaporated under the hood 
This extract contams onlj’- mmute amounts of gelatm and consequentlj can 
be evaporated to umform dryness The matenal when evaporated is a 
dark brown, hygroscopic substance of a much more favorable appearance 
than the precedmg gelatmous matnx The hygroscopic matenal is taken 
up m 500 cc of distilled water, centrifuged clear of insoluble matenal, and 
stored at 2° This solution (A) is shghtlv acid (pH 5 5 to 6 0), shghtl} 
turbid, and mahoganj^-colored, contammg 30 to 50 gm of solids, and 
possessmg a specific activity of 1 1 With a waste fraction containing only 
10 to 25 per cent of the total mtermedm as a source, the two steps outlmed 
juelded a solution with a specific activ itv 5 times greater than the pituitary 
tissue 

About half of the mert matenal present m Solution A can be removed bj 
either of two methods Sohd recrvstallized Ba(OH)j is added slowly to 
Solution A until the pH is 8 0 to 8 5 A heav y white precipitate of banum 
salts is centrifuged off The supernatant fluid (clear, and lemon-jellow in 
color) IS freed of excess banum b} means of H-^O* and centnfuged free o 
sulfates Intermedm remains quantitatively m solution throughout t e 
banum fractionation and remov al of excess banum The specific actmtj 
of this solution (B) vmnes from 2 0 to 2 2 

The second method of removal of almost half of the mert matena 


K, K 
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Solution A consists of adding basic lead acetate to the solution until no 
further precipitation occurred The exact amount added vanes from batch 
to batch and has to be dctennmed by repeated samplings When precipi- 
tation IS complete, the lead salts are removed by centrifugation, and 
excess lead removed as the sulfate This yields a clear, greenish jmllow 
solution (Bi) mth a specific actmty of 1 6 to 1 8 This method entails a 
loss of some mtermedm nluch is probably adsorbed to the discarded lead 
precipitates The extent of the loss depends to some degiee on the pH of 
the solution, m hich should not nse above pH 7 2 nhen lead acetate is added 
More inert matenal can be removed by fractionatmg first mth barium and 
then with lead, then mth either alone, but the vanabihtj of the lead frac- 
tionation and the loss of hormone it entads does not make it north while as 
a routine procedure In the most favorable cases, the specific actmtj of 
the clear greenish solution (Bj) after the double fractionation i aned from 
28to32 

Solution B, Bi, or B IS neutrahzed mth 5 n NaOH to pH 7 0 2,4- 

Sodium phosphotungstate is added mth sturmg to the hormone solution, 
and then 1 n HjSOi is added drop by drop until the pH is 3 0 The phospho- 
tungstates are centrifuged off, suspended m distilled nater (200 cc ), the 
pH of the suspension brought to 3 3 to 3 5, and the suspension filtered mth 
suction The phospho tungstates were decomposed mth cold Ba(OH). m 
the usual manner, excess banum remoied as the sulfate, and the solution 
adjusted to pH 7 0 mth NaOH The hormone i\ as quantitatively recov- 
ered throughout the fractionation and concentrated 5-fold, the volume non 
bemg 100 cc The specific actmty of this solution (C) v as 10 (50 tunes 
greater than pituitary tissue and 125 to 350 tunes greater than the starting 
source) 

When the residues of 10 kdos of fresh pituitarj glands received over a 
period of 5 months had been vorked up to this state (Solution C), the initial 
extraction procedure was changed (11) in that ammonia instead of pyndine 
was used as extractive Moreover, the extraction ii as rendered more thor- 
ough by alteniate freezmg and thamng of the tissue pnoi to grmdmg The 
residues of the ammoma extract proved to be almost inactii e mth respect 
to mtermedm content Smce no further source similai to that described 
could be depended upon, the puiified mtermedm (Solution C) iias used pri- 
marily mth the vieii of exploring possible further methods for purification 

Adsorption Studies — In view of the successes of adsoiption methods in the 
purification of several organic bases of the vitamin B complex, it seemed 
worth while to study the adsorption of mtermedm The results of these 
expenments were unimpressive as far as a gam m specific activiti was con- 
cerned, but they are of some mterest m relation to the prei lous conflicting 
reports on the adsorptiie properties of the hormone It was found that 



584 


ITTRmCATION OF INTERMEDIN I 


intermedin can be quantitatn eh removed from acid solutions bj’- small 
amounts of nont A or fullers’ earth It is only partly removed by synthetic 
zeolite, and not at all removed by kaolin The idea of emplojung either 
fullers’ earth or zeohte as a method of punfication seemed at first optimistic, 
since the latter removed the mtermedm ivith only one fifth to one-tenth of 
the sohds of the solution Nevertheless, the hormone could not be satisfac- 
tonly eluted although many eluents such as dilute ammonia, acid quinine 
sulfate, banum hydroxide, and pyndme-vater-methanol-acetone mixtures 
of \anous proportions nere tned In the best of cases, not more than half 
the total mtermedm could be eluted, and the same difficult}’' applied to the 
carbon adsorbate The mtermedm adsorbed on zeolite could be eluted 
more readily with Ba(OH )2 (but not with neutral salts), but the mitial loss 
(mtermedm not adsorbing) and the loss entailed dunng elution depnved the 
method of anv gam m punfication Interraedm is not adsorbed by benzoic 
acid These results show that under proper conditions mth the proper 
adsorbmg agent mtermedm is strongly adsorbed 

Dialysis — Intermedin passes readily but not quantitatively through 
cellophane membranes C\^isking Corporation) After several days dialras 
against distilled u ater, the dialysate, though containing less than one-half 
of the total solids, had no appreciable gam m specific activity, omng to the 
retention of considerable activity ivithm the membrane 

10 per cent silier nitrate uas added in slight excess to Solution C pre- 
xnousl} brought to pH 5 0 mtli 10 per cent HNOj A considerable precipi- 
tate of both morganic and purme silver compounds occurred mth no loss of 
activit} Intermedm remains quantitatn el}" m solution if the pH does 
not rise above 4 0 to 4 5 Addition of Ba(OH )2 to pH 8 5 precipitated most 
of the intermedm, vhich can be recox ered in its free form b}' decomposing 
the silv er precipitate xnth HCl The acid decomposition must be carefully 
and rapidl} earned out since excess HCI seemed to cause loss of actix'ity 
A purification of 100 per cent can be effected ox’er Solution C, the specific 
activity noxx bemg 20 (Solution D) 

Fracltonation lath Alcohol — ^Addition of ethyl alcohol to Solution D to 00 
per cent b} xolume resulted m a xxhite bulky precipitate xvith only a negli- 
gible specific actixitv (10 per cent of the total intermedm concentration) 
The alcoholic solution xxas made alkalme to tropeolin 0 xvith 5 N NaOH, 
and more alcohol xxas added to 80 per cent by xolume The solution xvas 
thoroughly shaken and centrifuged free of insoluble material xxhich xxas 
subsequentlx discarded The cautious addition of v HCl or acetic acid to 
the alkalme alcoholic solution resulted m a fine precipitate containing 80 
per cent of the intermedm of the solution, and xxTth a specific actix ity of 40 
As compared mth pituitar}’’ tissue, mtermedm has noxx been punfied 2 
times, and as compared xxath the starting mateiial, 700 to 1300 tunes T c 
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addition of acid must be earned out carefully, since the isoelectric region is 
slightly above neutraUty, and excess acid tends to redissolve the precipitate 
The discover}' of this behavior of the hormone suggested a possible method 
of crj'stallization, but -when purer matenal, to be desenbed later, is em- 
ployed, it IS doubtful -w liether this represents the behaxnor of the hormone 
itself More likely, isoelectric precipitation of mtermedm from alcohohe 
solution represents the behamor of some other constituent to w'hich mter- 
medin is either adsorbed or combmed As an mdication of the correctness 
of this xnen , a small portion of the isoelectnc precipitate was dissolved m 
water and an equal volume of 10 per cent tnchloroacetic acid added An 
inactive precipitate immediately formed, which was removed by filtration 
The matenal m the acid filtrate after neutrahzation was no longer precipi- 
tated from alcoholic NaOH by either acetic or hydrochlonc acid 

Recovery from Pyndtne Extracts of Sheep Pituitary Glands Precipitation 
by Means of Alcohol — To the 3 hters of the combmed pyndme-acetic acid 
e'vtracts sufficient alcohol w as added to make a 75 per cent alcohohe solution 
by X olume, and the solution filtered The precipitate was washed sev eral 
times with hter portions of 75 per cent ethanol, the washings bemg added 
to the first alcohohe extract This alcoholic solution contains half of the 
mtermedm present m the pyndme e'xtract, or from 35 to 45 per cent of the 
total mtermedm content of the pituitarj' tissue The precipitate contains 
the gonadotropic, thyrotropic, and other hormones of higher molecular 
weight 

The alcoholic solution was evaporated to dryness under the hood, yield- 
mg a hygroscopic dark brown matenal This was dissolved m a hter of 
water, boiled for 15 nunutes, and filtered The brown filtiate bad a specific 
activity of 1 6, the total solids from 1 kilo of tissue averaged 20 gm Frac- 
tionation of the filtrate wnth banum, phosphotungstic acid, and silver 
mtrate, m the manner already desenbed, yielded a clear solution of mter- 
medm "With an activity of 60 to 80, or a purification of 300 to 400 times that 
of pituitary tissue 

Recovery of Intermedin by Dialysis — In place of alcohohe precipitation, 
the pyndme extract can be dialyzed to collect appieciable mtermedm 
However, this method is slow and somewhat inconvenient The specific 
activity of the dialysate naturally vanes with the e'xtent of the dialysis, but 
compares favorably ■with that of the alcoholic e'vtract 

snuniART 

Several methods are desenbed for the recovery and purification of mter- 
medm from certam fractions ordmanl}' discarded dunng the preparation 
of gonadotropic and other hormones of the pituitarj The gland residue 
(after imtial extraction for the gonadotropic hormones) is boded, gelatm 
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removed by leeching with cold distilled water, and further mert matenal 
removed as lead or banum salts Intermedin is precipitated from solution 
by phosphotungstic acid, fractionated ivith silvei, and finally with alcohol 
The resultmg product represents a purification of 200-fold over that of 
pituitary tissue, or from 700 to 1300 times that of the startmg matenal 
Similar treatment of the alcohohc filtrate of the imtial pyndme extract 
can be worked up to jueld a 300 to 400 increase m purity over that of the 
ongmal tissue 
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Specific colorimetric methods for the individual estrogens which could be 
applied to biological s^ stems vould be valuable tools m the study of steroid 
metabolism 

The guaiacolsulfomc acid method, as published from this laboratory (1), 
sen es to distinguish estrone m the presence of estnol The quantities of 
estradiol presumably present in the biological evtracts to which this method 
M as expected to be applied did not interfere appreciably with the estimation 
of estrone Larger quantities, of the order of 10 to 50 y, hovever, gave 
significant amounts of yellow to pink color The i ariability of the estradiol 
color by this technique as such that it could neither be utilized as a means 
of determination of estradiol in the presence of estrone, nor could a correc- 
tion be made for the degree of augmentation of the estrone titer produced 
bj its presence 

A modification has been found m hich gives similar colors inth estrone and 
estradiol, estnol still remaming essentially negative By this means, the 
total estrone and estradiol, as distinguished from other estrogens m a mix- 
ture, can be estimated in terms of estrone Estradiol and estrone can then 
be separated by the Girard (2) leaction and the compounds estimated in 
the separate fractions 

Since concentrated sulfunc acid is present m the colonmetric reaction 
referred to, it is essential that all substances which inll easily char mth 
this reagent be eliminated from crude extracts before the analytical pro- 
cedure can be applied The impurities present m tissue extracts are mainli 
lipid extractives and non-hormonal chromogenic pigments Smee these 

‘Assistance in the preparation of these materials was furnished bj the personnel 
of the Work Projects Administration, Official Project No 165 1 71 124, Sub project 
No 343 

This in\ estigation nas supported in part by a grant from the Josiah Macj , Jr , 
Foundation and in part by a grant from the Graduate School of the Uniiersitj 
of Minnesota 

A portion of the data in this paper was taken from the thesis submitted bj C M 
Szego to the Graduate School of the University of Minnesota in August, 1942, in par 
tial fulfilment of the requirements for the degree of Doctor of Philosophj 
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differ from contammants of unnary extracts, specific methods for dealing 
wth them had to be found 

A combined set of procedures involving fractionation betiveen immiscible 
solvents and chromatography has been developed i\ hich effects quantitative 
removal of mterfering substances, permittmg the colonmetnc method to 
be applied to tissue extracts Recoveiy of estrogens by this method, 
while not maximal, is of sufficient uniformity and reproducibility to render 
the techniques applicable to a study of estiogen metabolism m mdmdual 
tissues 

Methods 

Colonmetnc Procedure — The characteristics of the estradiol color m the 
original guiacolsulfonic acid reaction w'ere such that it appeared that the 
difficulty w as due to incomplete conversion of the initial yellow chromogen 
of estradiol to the final pmk obtained from estrone By varying expen 
mental conditions systematically , a satisfactory modification of the original 
method was developed, which gave pink colors of identical hue and similar 
intensity xvith both estrone and estradiol 
The following optimal conditions were developed foi this modification 
To each tube containing the dry hormone’ 0 4 ml of redistilled absolute 
ethanol is added The wire lack of test-tubes is immersed in an ice and 
w ater bath and 2 ml of concentiated sulfuric acid aie added Each tube 
IS mixed with a footed stirring rod which is allowed to remain in the tube 
throughout the balance of the procedure The tubes are placed in a boiling 
xvater bath for 1 minute They are stirred once at the end of 30 second' 
On removal from the boiling water bath, the rack of tubes is replaced in the 
ice bath for 5 minutes At the end of the cooling period, 4 ml of a 7 o 
per cent aqueous solution of potassium guaiacolsulfonate^ are added After 
thorough stirnng, the rack is replaced for 2 minutes in the boiling uater 
bath The tubes are stirred once at the end of 30 seconds of the reheateg 
procedure 

The rack of tubes is then placed once more in the ice bath and ailoued to 
cool for a short period After this, it is put in a watei bath at 25 in the 
dark for 1 hour At the end of this time, a final dilution w ith 3 G ml o 
50 pel cent sulfunc acid is made 15 minutes latei, the colors are rea ^ 
an Eveljm photoelectric colorimeter The standard 520 mp filter supp ’ 
with the colorimeter was replaced by one wath nanower spectral trans 
mission to give a more selective range This range was checked J 
photoelectric spectrophotometer and found to be optimal 

1 The crystalline hormones i\ ere kindly funushed hy the Schenng Corporation 

by Hoffmann La Roche, Ine Hoffniann 

’ The potassium guaiacolsulfonate (thiocol) n as generously supplie J 
La Roche, Inc 
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Strict observation of several conditions during the course of the reaction 
IS required for proper results (1) The water bath must be at a full boil 
during the heating stages (2) All reagents axe added while the tubes are 
in the ice bath in order to prevent much temperature nse on mrsing (3) 
(3) Uniformitj of the reaction mivture must be mamtained at all stages 
during the reaction bj standaid mixing technique 

Purification Pioccdurcs — The following procedures constituted the rou- 
tine method for isolation of estrogen from grossly impure tissue extracts 

1 Hydrolysis — The tissue-hormone sample in aqueous medium contain- 
ing 20 per cent bj volume of concentrated hydrochloric acid is hydioh zed 
under a reflux on an electric hot-plate for 1 hour This technique jaelds 
a relativelj' homogeneous mixture in which the tendency of emulsions to 
form during the subsequent chloroform extraction is minimal 

3 Extraction with Chloroform — The sample after h 3 ’-drol 3 ’^sis, generall 3 
about 30 ml in xolume, is extracted four times with 15 ml portions of 
chloroform Thorough shakmg for 2 mmutes w ith each change of chloro- 
form has been found adequate Greaseless, water-lubricated stop-cocks 
are used m the separatory funnels throughout these procedures The 
combmed chloroform extract is filtered rapidlv through chloroform-wet 
paper and evaporated to dryness on a steam bath in the presence of a small 
bead Final traces of the solvent are remov ed in vacuo 

S Alcohol-Pcntane Distribution — Ralls et al in 1926 (4) suggested parti- 
tion of biological extracts containing fat and hormonal material between 
alcohol and petroleum ether, the latter being a much better solvent for 
lipids than for the estrogens Koch’ has also used this general procedure 
successfully The dr 3 material fiom step (2) is taken up in 20 ml of 70 
pel cent ethyl alcohol and shaken against three 10 ml portions of pentane, 
for 2 minutes in a 60 ml separatory funnel An occasional emulsion 
maj be encountered w hich ma 3 be broken b 3 violent shakmg of the pentane 
phase after most of the clear alcohol has been draw n off, or b 3 '' the addition 
of a drop of dilute h 5 drochloric acid to the pentane fraction follow ed by 
shakmg The alcohol phase is then evaporated to dr 3 Tiess m the presence 
of a bead Small amounts of absolute alcohol ma 3 be added toward the 
end of this procedure to facilitate evaporation A x^acuum ma 3 be applied 
to remox e the last tiaces of water xmpor xxhich may clmg to the sides of the 
flask Quantitative removal of fats is thus accomplished A partial re- 
moval of pigment is also effected 

4 Chromatographic Adsorption — The residue from step (3) is taken up m 
15 per cent acetone in pentane, as suggested b 3 ’' Heard and Hoffman (5) 
Both solvents must be i edistilled An 3 '’ insoluble residue w hich remains m 
the sample flask, is dissolved in xxater and extracted txxuce xxith 15 per cent 

’ Personal communication to L T S, June, 1940 
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acetone-pentane (henceforth to be called the solvent), in order to remoi e 
the last traces of estrogen This extract is added to the original solution 
The adsorption column consists for routine purposes of an ordinary 
Pyre\ test-tube, 10 mm inside diameter, 150 mm long, fused to a short 
piece of glass tubing, beveled at the end, which serves as a stem The 
column IS plugged with a small amount of Commg glass wool 4 gm of 
activated* Merck’s aluminum oxide, regent grade, are weighed mto it 
The column must be cooled to prevent channeling due to hoilmg of the 
solvent durmg the subsequent procedure 
20 ml of pure solvent are poured through the column and discarded 
The sample extract is then poured through the column This is followed 
by a total of 90 ml of solvent, poured in small portions fiom the sample 
flask where it is used as a nnse When the last drops of solvent have been 
blown out, the tip and inside of the stem of the column are w'ashed with 
solvent, by means of a clean syrmge and long needle, mto the receivmg flask 
Pigment is retemed in a narrow' band at the top of the column 
The sample is evaporated to dryness at once with the aid of a bead in a 
warm water bath The residue is in a white crystalline state, pure enough 
for colonmetry In practice, at this pomt equal aliquots are removed to 
Pyrex test-tubes after solution of the sample in a known amount of absolute 
alcohol One-half is used for direct colorimetry by the above method for 
total estrone and estradiol The other aliquot is treated by a modifled 
Girard procedure to obtam the non-ketonic fraction, estradiol, which is then 
determined by colonmetry as described 
The Girard procedure, partly adapted for micro quantities from Wolfe, 
Hershberg, and Fieser (6), is as follows To the dry residue m a large test- 
tube, 0 5 ml of a freshly prepared solution of Girard's Reagent T (100 mg 
per ml in glacial acetic acid which has been redistilled from potassium 
permanganate) is added It is then stoppered wnth a glass marble and 
heated in a boiling water bath for 20 imnutes, after which it is removed to 
an ice and w ater bath and thoroughly cooled Dilution wnth 9 5 ml of ice 
cold water, followed by partial neutralization w'lth 7 5 ml of cold 1 n NaOH, 

IS performed while the tube is stdl in the ice bath The aqueous solution 
IS transferred quantitatively to a 60 ml separatory funnel Three extrac- 
tions wnth 10 ml of pure chloioform are made The combmed chloroform 
extract representing the non-ketomc fraction is w ashed twice with 10 m 
of cold distilled water It is then filtered through chloroform-wet paper, 
evaporated to dryness, and transferred with hot absolute alcohol to e 
test-tube for colorimetric analysis 

* Activation is performed for uniformity of adsorption characteristics bj 
a quantity of pure aluminum oxide to red heat in an cvaporatiog dish m ® 
furnace for 4 hours On cooling, it is stored in tightly stoppered bottles in sma 
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DISCUSSION 

Colonmelnc Procedure — Under the conditions desenbed, estrone and 
estradiol give colors, the intensity of which vanes directly with the concen- 
tration of hormone present Fig 1 demonstrates the apphcability of Beer’s 
law to samples containmg from 10 to 40 y Beyond approximately 40 y of 
estrone and sbghtly greater concentrations of estradiol, the absorption is less 
than theoretical The relative intensity of the reaction m simultaneous 
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Fig 1 Vanation of per cent transmission with concentration in the revised 
guaiacolsulfonic acid reaction 

senes of estrone and estradiol samples is also mdicated by Fig 1 Estrone 
mvanably gave stronger color than estradiol under identical conditions 
Shght changes m slope of the calibration curves were observed from series 
to series Individual conditions, probably affecting the degree of complete- 
ness of the yellow to pink color conversion, appear to exercise influence 
Thus, it IS apparent that a permanent calibration curve is mcompatible xvitli 
optimal accuracy This difficulty may be overcome by mcluding a set of 
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standaids of both hormones in every senes of unknoivns, for the reproduci- 
biht}’- of the reaction mth each hormone is good mthm a single series This 
IS evidenced by the data m Table I shoving the range of error m the deter* 
mmation of estrone and astradiol The values in Table I v ere read from 
calibration curves based on standards run with each senes The corre- 
spondence IS satisfactor j’’ The i ange of erroi would have been significant!} 
greater if all values had been determined from one composite calibration 
cunm for each hormone Duplicate determinations check well 
To study the stabihty of the color formed, a senes of samples was read 
at intervals up to 17 hours Significant fading did not take place at least 
mthin 1 hour after final dilution of the sample Slight fading of the colors 

Table I 


Range of Error in Determinatton of Estrone and Estradiol from Mean Curves for a 

Given Series 


No of 

delerrainalions* 

Actual content 

Found 

Recovery 

Estrone 

Estradiol 

Estrone 

Estradiol 



7 

y 1 

r 

per cent 

1 



4 9 


98 

6 



10 -10 4 


100-104 

9 



19 2-21 3 

i 

96-106 

2 



29 8-30 0 


99-100 

S 

40 


38 3-41 G 


95-104 

4 


10 


9 5-10 5 

95-105 

7 


20 


! 19 5-20 6 

98-102 

4 


30 


29 2-31 5 

9S-105 

4 


40 


39 5-40 0 

99-100 


* Not necessarily simultaneous series 


did occur on longer standing This is not a serious consideration in routine 
determinations 

Table II demonstrates the applicability of this revised guaiacolsulfomc 
acid method to knorni mixtures of estrone and estradiol I^Tien standard 
estrone and estradiol samples, singly, are included ivith a senes of mixtures 
of the two, the chromogenic effect of given amounts of estradiol may be 
calculated from the calibration cuives for the individual hormones in 
terms of estrone 

Tvo things are apparent from Table II first, that additivity of the 
chromogenic effect of the tno hormones exists in a mixture, second, that 
standards of the individual compounds, estrone and estradiol, at one con 
centration lex el may be used to set the leference curves for the v hole sen« 
In other vords, the reaction foi the individual hormones alone ma} e 
used as a standard for the intensity and additivity of the reaction in a mix- 
ture xvithin a single senes 
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An advantage of the revised guaiacolsvilfonic acid method m common 
n ith the original adaptation (1) is the failuie of estnol to react appreciably 
Mith the color leagent This is seen in Table III which shows the colon- 
metric effect of varying amounts of estnol Quantities of the order of 10 
to 20 y (at which lev el the reaction is vv'ell suited to the estimation of estrone 
and estradiol) have negligible colorunetnc effect With larger amounts 
of estnol, to 40 y, a small increment of colorunetnc readmg is observed 
In no case w as an actual pink color apparent to the eye The error would 


Tabce II 


Addxltvity of Mixtures of Estrone and Estradiol 


Senes and sample 
No 

Actual content 

Calculated 
total content 
as estrone* 

Found 

Recovery 

Estrone 

Estradiol 

Estrone 


y 

7 

y 

y 

Ptretnt 

la 

6 

5 

0 2 

9 2 

100 

lb 

5 

10 

13 5 

14 0 

104 

Ic 

5 

20 

22 5 

24 1 

107 

Id 

10 

10 

18 5 

19 1 

103 

le 

20 

20 

37 5 

40 7 

108 

2a 

5 

20 

20 0 

20 0 

100 

2b 

5 

20 

20 0 

20 8 

104 

2c 

5 

30 

27 8 

27 0 

97 

2d 

5 

30 

27 8 

27 6 

99 

3a 

10 

20 

24 8 

25 0 

101 

3b 

10 

20 

24 8 

24 8 

100 

3c 

IS 

15 

26 2 

26 6 

102 

3d 

15 

15 

26 2 

26 8 

102 

3e 

20 

10 

27 4 

27 8 

101 

3f 

20 

10 

27 4 

27 8 

101 

4a 

15 

15 

24 0 

23 7 

99 

4b 

16 

15 

24 0 

23 9 

99 

5 

10 

20 

26 0 

26 0 

100 


* These figures are based on standards of estrone and of estradiol run wnth each 
series The slight variation in the calibration curves from senes to senes as de- 
sonbed in the text accounts for the different calculated total estrone values for the 
same mixture in different senes 


be Significant m the presence of the large proportion of estnol found m 
urine extracts In this case a prelimmary partial separation should be 
made (7) Because of other difficulties m purification, however, the colon- 
metne method has not yet been apphed successfully to this biological fluid 
On longer initial heatmg, estnol reacts to give a pink of moderate m- 
tensity under the ongmal conditions of the guaiacolsulfonic acid method 
Similarly, with this modification, a 20 mmute initial heating time giv'es a 
pmk color with estnol without parallel change m mtensitj for estrone and 
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estradiol The possible conversion of the 16-17 hydroxy compound to 
estrone under dehydrating conditions has been pointed out (1) 

Table III 


Colonmelrtc Effect of Eslrtol 


Sample No 

Readings at 520 

Actual cstriol 

Found equi\*alent to 


Estrone 

Estradiol 



y 

y 

y 

1 

100 

10 

0 

0 

2 

100 

10 

0 

0 

3 

99 00 

20 

0 5 

0 7 

4 

98 00 

20 

1 1 

1 4 

5 

95 75 

30 

2 6 

3 0 

6 

95 00 

30 

3 0 

3 6 

7 

95 25 

40 

2 9 

3 4 

8 

95 50 

40 

2 7 

1 

3 2 


Table IV 

Recovery of Pure Estrone from Several Steps of Purtficatton Procedure 


Senes and 
sample No 

Estrone 

added 

Added* before 

Estrone 

found 

Recovery 

1 . 0 U fa 
*lep . 
involved 


y 


y 


fermi 

la 

25 

Chromatography 

26 2 


0 

2a 

25 


25 8 



3a 

25 

Alcohol pentane distribution 

23 0 


8 

4a 

25 

(( <f 

24 0 


5a 

25 

CHCli extraction 

23 4 

93 

2 

6a 

25 

« (( 

22 6 

91 


7a 

25 

Hydrolysis 

20 1 

80 

12 

8a 

26 

(( I 

20 2 1 

81 1 

Total 

22 

■■ 

30 

Chromatography 

26 8 

89 

11 


30 

Alcohol pentane distribution 

24 5 

82 

7 

HI 

30 

CHClj extraction 

23 0 

77 

5 

HI 

30 

Hydrolysis 

20 6 

68 

6 

HI 

30 


22 0 

73 



Total 

29 


• All samples were run in parallel from the start of the purification procedure 


regardless of time of addition of estrone 

Neither androsterone, progesterone, nor cholesterol gives the 
While these substances are ordinarily separated from the estrogens in 
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Table V 


Recovery of Pure Hormones from Complete Purtficalton Procedure 



Senes 

and 

sample 

Iso 

Added 

Found 

Estrone 

Estra 

dtol 

Total 

as 

esij-ofir 

Total 

After Girard separation 

As 

estrone 

As es 
tradiol 


Ison ketonic 
as estradiol 

Ketonic, b> 
difference 

Estrone 


1 

y 

y 

T 

13 5 
20 1 
20 2 

20 5 
22 0 
22 0 
22 6 

21 8 

y 

per 

cent 

54 
80 
81 
68 
73 

55 

56 
55 

y 

per 

cent 

y 

Per 

Cent 

Average 

65 





Estradiol 

la 

25 

m 

m 

■ 

13 0 

52 






lb 

25 




13 2 

S3 







40 




27 0 

68 

22 

65 





40 




20 5 

51 






Sb 

40 




24 0 

60 

19 5 

49 




4a 

40 




23 8 

60 

16 5 

41 




4b 

40 

m 

m 

■ 

21 5 

54 


38 



Average 

m 

■ 

46 



Mixtures 

1 

20 

20 

31 8 

17 3 

■ 

54 

9 6 

48 

10 8 

54 


2a 

12 5 

12 5 

21 5 

15 5 

■ 

72 

9 5 

76 

9 2 

73 


2b 

12 5 

12 5 

21 5 

15 5 


72 

[no 


8 8 

70 


3a 

24 

16 

36 

18 5 


52 

9 5 

ISl 


54 


3b 

24 

16 

36 

20 5 


57 

ii«« 

69 

13 7 

57 


3c 

16 

24 

34 

19 5 


57 

15 8 

66 

9 9 

62 


3d 

16 

24 

34 

17 5 


52 

BO 

54 

9 5 

59 


4a 

24 

16 

36 

21 5 

^^B 

60 

7 0 

44 

16 3 

68 


4b 

24 

16 

36 

21 5 


60 

■rMf 

44 

16 3 

68 


4c 

16 

24 

34 

20 0 


59 


42 

12 4 

78 


4d 

16 

24 

34 

20 0 

H 

59 


i 

12 4 

78 

Average 

H 

■ 

9 

■ 

66 


• Corrected for 3 -y of total reagent blank 


preparation of biological extracts, it is advantageous that small amounts 
earned through mto the estrogen fraction will not interfere with the anah sis 
by this method 
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Punfication Procedures — ^Table IV summarizes the results of two experi- 
ments m which a known quantit3’' of estrone was added to samples at a 

Table VI 


Recovery of Pure Hormones in Presence of Boiled Tissue* 



Senes and sample Ko 

Hormone 

added 

Total 

found 

Corrected for tissue 



y 

y 

y 

per cent 

Estrone 

1 

25 

17 0 

14 5 

58 


Tissue blank 

0 

2 5 

Hi 



la 

25 

17 5 


56 


Tissue blank 

0 

3 5 




2a 

40 

26 0 

23 8 

60 


2b 

40 

26 0 

23 8 

60 


Tissue blank 

0 

2 2 




3a 

30 

28 5 

21 7 

72 


3b 

30 

23 5 


56 


Tissue blank 

0 

6 8 

BD 



4a 

25 

10 8 

mam 

41 


4b 

25 

11 7 

11 2 

45 


Tissue blank 

0 

0 5 




5a 

25 

14 9 

11 6 

46 


5b 

26 

15 5 

12 2 

49 


Tissue blank 

0 

3 3 

0 0 



Oa 

25 

17 3 

15 8 

63 


Ob 

25 

16 1 

14 6 

5S 


6c 

25 

14 3 

12 8 

51 


Tissue blank 

0 

1 5 




7a 

25 

19 6 

10 7 

67 


7b 

25 

15 1 

12 2 

49 


Tissue blank 

0 

2 9 



Average 

55 

Estradiol 

1 

25 

22 3t 

17 8 

■■ 


Tissue blank 

0 

4 5t 

0 0 



2a 

40 


26 5 



2b 

40 


26 6 



Tissue blank 

0 

mu 

0 0 


Average 

68 


* Endometnum, cow, human, rabbit 
t As estradiol 

definite stage of the punfication piocedure, the samples being earned « 
complete reagent blanks up to the point of addition of the hormone 
IS apparent that each step of the procedui e mvolves a definite loss o es 
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gen, owing to handling oi possible destruction Nevertheless, duphcate 
samples appear to check well, although not necessarily from senes to series 
Table V shows the recoverj of estrone and estradiol, alone and in mix- 
tures, from the complete purification procedure While the variation of 
tlie error in recovery from series to series appears to be relatively large, 
and the magnitude of the error itself considerable, it wall be noted that 
watliin a single series as indicated bj the numbering of the samples, re- 
coveries are faulj’^ uniform and consistent In our experience this repro- 
ducibility of recovery within each experiment has served as a leliable cor- 
rection factor It appears to be independent of the amount of estrogen 
mitially present, and, as is evident from Table VI, independent of the 
presence of tissue, or, w’lthm limits, of the amount thereof 
The possible sources of the error m recovery appear to be the following 
(1) Some destruction durmg hydrolysis This is independent of h> drolysis 
up to 1 hour, how ever (2) Losses m slight emulsions foimed during the 
extraction of the hydrolysate with chloioform Emulsions form to a larger 
extent if the hydrolysis step is omitted, as w ould be expected (3) Some 
shght soluhihty of estrogen in pentane probably accounts for the losses m 
the alcohol-pentane distribution step, which, however, is essential for 
complete removal of interfering hpids (4) The losses im olved in chroma- 
tography are generally due to incomplete washing of the column, especially 
in hot weather, when evaporation becomes a large factoi It has been 
found that under these conditions washing the column with 30 ml of 15 
per cent acetone-pentane after it has dried from the preceding experiment 
will occasionally cause elution of some further estrogen 

The losses m each step appear to be variable from experiment to ex- 
periment, but the ovei -all i ecovery in each series is quite uniform There- 
fore a pure standard mthout tissue may be run w ith each sei les m order to 
compensate for the over-all loss m the expenment The a\ erage recoi ery 
of all the experiments reported is 59 6 per cent 

SUMMARY 

A color reaction suitable for the determination of total estrone and 
estradiol wnthout significant interference from estriol has been described 
The specificity, accuracy, and sensitivity of the analjtical procedure are 
satisfactory 

This colorimetric method has been successfully apphed to estrone and 
estradiol recovered from addition to tissue samples by means of the isola- 
tion and purification procedures developed The recoveries from the 
purification procedures, while not maximal, are of sufficient uniformity and 
consistency rvithm each series to permit a reliable correction 
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THE METABOLISM OF ESTRONE IN SURITVING RABBIT, 
BOMNE, AND HUMAN ENDOMETRIUM* 

CLARA M SZCGO and LEO T SAMUELS 

(From the Divisions of General Physiology and Physiological Chemistry, Department 
of Physiology, University of Minnesota Medical School, Minneapolis) 

(Received (or publication, September 3, 1943) 

The conversion of estrone to estradiol by uterine tissue of the rat and 
labbit Mas postulated by Heller and his associates (1-3) The endence 
presented for this conclusion was the increase in estrogenic potency ob- 
served after incubation of the tissue with estrone 
Since the technique of biological assay used does not permit of quanti- 
tati\ e interpretations in unknown estrogen mixtures, a study of the problem 
by more specific methods of identification vas thought desiiable Chemi- 
cal methods (4) developed in this laboratory which enabled us to analyze 
tissues and distmguish estrone and estradiol vere found to be applicable 
to this problem The possible effect of uteri of other species was also 
investigated 

Materials and Methods 

The endometna used in this study ivere bovme, pregnant human, and 
pregnant rabbit They Mere obtained in the folio wmg manner 
Bovine — The uterus was removed at the slaughter-house immediately 
after the death of the animal After its healthy condition had been checked 
bj the government veterinarian, it Mas lushed in a clean contamer sur- 
rounded by ice to the laboratorj , a trip consummg about 10 minutes 
Human — ^At the University Hospital a therapeutic h 3 "sterectomy Mas 
performed on a m oman who was 3 months pregnant The uterus m as taken 
to the laboratory for the mcubation experiment withm 5 mmutes of removal 
Rahhit — The animal was killed by a blow on the head, bled from the 
throat, and the uterus immediately removed 

The endometrium was rapidly dissected as free as possible from the 
underlymg tissue, and removed in sections Mith scrupulously clean, sharp 
instruments Excess moisture Mas blotted off gently mth filter paper 
Samples of endometrium, and in some cases, ovary, from each experi- 

*A portion of the data in this paper Has taken from a thesis submitted b> C M 
Szego to the Graduate School of the Universitj of Minnesota in August, 1942, m 
partial fulfilment of the requirements for the degree of Doctor of Philosophy 

This investigation ivas supported in part by a grant from the Josiah Macj , Jr , 
Foundation and in part by a grant from the Graduate School of the University 
of Minnesota 
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ment ere preserved in formalin for latei sectionmg These n ere examined 
by Dr Willard Boyd of the Division of Vetermary Medicine to determine 
the stage of the estrous cycle 

Approximately 1 to 2 gm samples ere removed to a clean cork, and 
either sliced perpendicularly to the surface or finely mmced, ivith a spe 
cially designed mstrument This device consisted of ten to twelve thm 
lazop blades clamped parallel to the long axis of a metal holder, slightly 
less than 0 2 mm apart This thickness of tissue slices has been considered 
compatible with normal respiratory function as measured by the Warburg 
technique (5) 

The minced oi sliced tissue was weighed rapidly on a pharmaceutical 
balance and washed mto the mcubation flask ivith 25 ml of the hquid 
medium Estrone or estradiol was added m not more than 0 25 ml of 
95 per cent ethanol tVhen destruction of the living tissue was desued, 
it ivas washed into a flask in which a portion of the liquid medium had 
been brought rapidly to a boil, and was then furthei boiled for a short time 
The medium consisted of water 12 parts, Locke’s stock solution, 3 tunes 
concentrated (22 8 gm of NaCl, 0 13 m, 0 447 gm of KCl, 0 002 m, 0 333 
gm of CaCh, 0 001 m in 1 liter), 8 parts, 0 2m sodium phosphate buffer 
adjusted to pH 7 4 (200 ml of 0 2 m NaH2P04 HjO mixed ivith 800 ml of 
0 2 m NajHPOi I 2 H 5 O) 2 4 parts, freshly prepared 0 16 m glucose 1 6 
parts Tnple, glass-distilled water W'as used thioughout 
As soon as the tissue w as added, each flask was stoppered with a glass 
stopper and clamped onto a spoke radiating from a motor-driven axle m 
an incubator tank of approximately 50 gallons capacitj' The temperature 
of the bath was thermostatically controlled at 38 5° for the bovine, 37° 
for the human, and 40° for the rabbit tissues, ±0 5°, respectn ely The 
time from the start of the dissection procedures to the beginmng of the 
incubation averaged about 15 minutes when eight flasks w'ere used The 
air-filled flasks w'ere mcubated wnth constant rotation (about thirty per 
minute) foi 1 or 2 hour periods 

At the end of the mcubation period, the samples were removed and 6 
ml of concentrated hydrochlonc acid were added to each The matenal 
was immediately hydrolyzed by boihng for 1 hour and the resultant mixture 
extracted and purified as descnbed elsewhere (4) 

The estrogens so isolated from the incubation mixture were then divi 
mto equal ahquots One aliquot was analyzed for total estrogens as 
estrone The non-ketomc fraction of the second aliquot was separate ) 
a modified (4) Girard procedure It was then analyzed for estra 0 
The colonmetnc procedure used was the guaiacolsulfonic acid met 

previouslj descnbed hipcted 

In several experiments, samples of the same endometnum w'ere su 
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to a simultaneous stud> of oxygen consumption by the Warburg technique 
The medium m these cases was the same as that m the mcubation studies, 
a 3 ml volume bemg used The gaseous phase was air 

Results 

Bovine Endometrium — As shoum in Table I, there was striking similantj 
between the recovenes of total estiogen from boiled and from fresh tissue 
If the percentage reco\ ery of total estrogen from fresh tissue is tabulated 
for each experiment, the recovery from the conespondmg boiled tissue sam- 
ples being taken os 100 per cent, the axerage wuth its standard error is 
99 5 per cent ±14 


Table I 

Relation of Stage of Estrous Cycle to Recovery of Ketomc and Non KctomcMaterial 
after Incubation with Living Tissue 


Stage of estrous cycle 

Estrone added 

A\eragerecover> mkctonic 

fraction ; 

A\ erage 
recover> m 

Estrone 

Per cent of 
boiled tissue 

fraction as 

estradiol'^t 

Estrus 

y 

30 

y 

18 1 

95 0 

y 

Preestrus 

50 

21 8 



7-8 days post estrus 

50 

23 9 


1 8 

Adxanced post estrus 

50 

29 7 




* Calculated on the basis of the recovery after addition of similar amounts of 
hormone to boiled tissue controls, in each series, taken as 100 per cent 

t A mean of 1 8 7 of non ketomc material was recovered from boiled tissue when 
50 7 of estrone were added 

The mean percentage of added estrogens recovered m the analj'^ses, ex- 
pressed as estrone, was 55 5 per cent xvith a standard error of ±1 8 per 
cent This is not sigmficantly different from the recovery of pure hormones 
earned through the purification procedure (4) There does not appear to 
be any large amount of destruction of the hormones m the presence of viable 
endometnum 

The apparent recovery of non-ketomc matenal from mcubation of bo- 
vme endometnum with estrone was insignificant The recoverj^ from 
boiled tissues averaged 1 78 7 (0 76 to 3 92) and that from fresh tissues 
0 83 7 (0 46 to 1 81) However, the reagent blanks for the entire punfica- 
tion procedures gax'e small measurable readmgs for the non-ketonic fraction 
The tissue controls without added estrogen, moreover, gave colonmetnc 
readings for the non-ketomc fraction w hich were of the same order of mag- 
mtude as m the samples wuth added estrone Some contammant earned 
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over from the Girard treatment apparently accounts for the small but con- 
sistent readings for “estradiol ” 

As seen m Table I, tissues ivere obtained during all the major phases of 
the estrous cycle There vas no evidence of conversion or greater destnic 
tion during any particular phase 

Warburg studies on oxygen consumption of samples of the same 
endometnal tissue were run simultaneously ivith several experiments The 
tissues contmued to consume oxygen for the 100 mmute penod dunng nhich 
measurements i\ ere made The Qo, (90 mmutes) of minced tissue averaged 
4 3, and that of the sliced tissue 2 2 The steeper slope observed inth the 
mmced tissue is apparently due to the larger surface ivith this state of sub 
division These data mdicate that the tissues were probably viable and 
showed active metabolism over at least 2 hours 

Human Endometrium — The data from the treatment of human en 
dometnum obtamed as descnbed from a pregnant uterus fall m hne inth 
the observations on the non-pregnant bovme tissue The recoveries of 
total estrogen as estrone from boiled and fresh tissue samples weresunilar, 
arid analysis of the naa-ketaaic fractions gave a small negative value nhea 
corrected for tissue blanks Oxygen consumption of samples of this tissue 
gave somewhat higher absolute values for the 90 mmute penod than did 
those of the non-pregnant bovine tissue (average Qo> (90 minutes) = 6 51) 

Rabbit Endometrium — The results of mcubation experiments with tissue 
from two pregnant rabbits are summanzed m Table II The data mdicate 
clearly that conversion of estrone to estradiol takes place m this tissue 
The evidence for this conclusion hes primarily m the fact that there is a 
considerably higher non-ketomc recovery from the samples of fresh tissue 
compared with the boiled tissue after incubation with estrone There is 
also no significant difference beween Sample 4a and Samples 5a to 8a, 
although the proportions of estrone and estradiol added to the fresh tissues 
vaned This suggests a quantitative conversion of estrone to estradiol in 
the fresh tissues m this experiment 

In the second experiment of this senes, twice as much hormone was 
used as in the earher one, with similar amounts of tissue Samples 
lb to 4b, representing eqmvalent amounts of estrone and estradiol added to 
the mcubation mixture with fresh tissue, show a high recovery of non 
ketonic matenal which does not differ significantly among the four samples 
The recovery of ketomc matenal after the addition of estrone is much 
greater and the non-ketomc fraction much smaller m the boded tissues 
(Samples 5b, 6b) Apparently estrone was converted to estradiol m preg 
nant rabbit endometnum by a mechamsm which w'as destroyed by boiling 

Smce the recovenes of ketonic matenal are larger m the fresh tissues o 
Series b than m the boiled tissues to w'hich estradiol was added, whi e e 
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reverse is true for the non-ketonic fraction, it would appear that the con- 
version of 100 7 of estrone to estradiol was not complete This seems to 
be due to the establishment of an equilibrium, smce the fresh tissues to which 
estradiol had been added (Samples 3b, 4b) show a recovery of ketomc 
matenal similar to the estrone samples (Nos lb, 2b) and greater than the 
amounts found m the presence of boded tissue (Samples 7b, 8b) 

An additional observation to be made from these experiments is that 
recovery of estradiol is satisfactory from both fresh and boded tissue, con- 
firmmg previous data (4) This mdicates that failure to observe mcre- 

Table II 


Recovery of Estrone and Estradiol from Incubation with Pregnant Rabbit Endometrium 


i 

Sample No ! 

State of tissue 
before 
incubation 

Estrone 

added 

Estradiol 

added 

Found 

Non Letonic 
as tslradvol 

Kelonic (by 
difference) 
as estrone 


1 

“r ' 

y 

y 

y 


Boiled 



0 0 

0 0 


tl 

50 


5 0 

25 8 


ti I 

50 


8 0 

22 7 


n ' 


60 

22 0 

7 0 


Fresh 

50 


23 0 

8 2 



SO 


22 0 

6 0 


<( 


50 

28 0 

4 0 


it 

25 

25 

22 0 

7 0 


tt 

100 


45 5 

13 5 


if 

100 


43 0 

21 3 


tt 


100 

45 3 

14 7 


tt 


100 

45 S 

21 4 


Boded 

100 


1 ^ ^ 

54 5 


“ 

100 


7 0 

54 6 


It 


100 

61 7 

7 5 


It 


100 

58 0 

9 6 

■■ 

Fresh 



0 0 

0 0 


* Calculated on the basis of the total sample Corrected for tissue blanhs 


ments of chromogen m the non-ketomc fractions m the experiments with bo- 
vme and human uterine tissue was not due to selective loss of estradiol 
m the purification procedures 

DISCUSSION 

The evidence presented above mdicates that the non-pregnant botine 
and pregnant human uten do not possess the mechanism for the conversion 
of estrone to the more active estradiol postulated by Heller and his associ- 
ates (1-3) On the other hand, the experiments here reported show that 
such conversion does take place m the endometrium of the pregnant rabbit 
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There appears to be a difference between species, and no interspecies 
generahzation can be made 

The uniformitj of recovery of total estrogen measured as estrone from 
boiled and fresh endometna of the bonne and human samples, as well as 
failure to find significant differences m the non-ketomc fractions, weighs 
heanlj against the possibihty of conversion in these species Such con- 
version Mould haae been recognized m tvo waj's by our methods (1) 
Recovers of total estiogens m ould have been consistently decreased in the 
boiled tissue, for estradiol has a significantly lover colorimetric effect 
than has estrone ba the analytical method used (4) (2) Recoverj of 

estiadiol m the non-ketomc Girard fraction Mould have been consistently 
mcreased m the fresh tissue over that of the boiled These critena were 
not fulfilled m the case of human and bovme endometna 

It maj be argued that small differences m ould be missed by use of the 
colonmetnc method for identification of the active substances While 
this maj be true for quantities of the order of 1 to 3 y, the method is suf- 
ficientlv sensitive for the recogmtion of conversion by the cntena mentioned 
above bejond these mmute quantities Moreoamr, Heller reported (2) 
complete conversion of at least 1 5 y of estrone to estradiol b}' 250 mg of 
tissue in 1 hour On the scale of mcubation time and tissue m eights used 
in our expenments, this m ould have mvolved conversion of at least 12 y, a 
change Mhich m ould not have been missed by our techmques 
The results on the human tissue are m i^eement with the observation of 
Tm omblj and Tai lor (6) M'ho found no augmentation of the physiological 
actmtj of estrone incubated with human endometnal curettmgs 

On the other hand, the experiments herem descnbed give ample endence 
of conversion of estrone to estradiol m rabbit endometnum, a finding which 
gives added weight to the negative results ivith the other species Both 
the Heller and Tm ombh groups have reported conversion of estrone mou 
bated Muth rabbit tissue on the basis of mcreased potency by biological assay 
Bioassa\ of crude tissue extracts, hoMever, is subject to the cnticism that 
the hormonal actmtj is modified by mert contaminants (7) Actual isola 
tion of the formed estradiol and identification by physical constants would 
be extremelj difficidt with quantities of the order of imcrograms Short 
of this, the best a\ affable means of identification of estradiol as a possible 
comersion product of estrone would appear to be isolation and measure- 
ment bj a chemical reaction possessing good specificity 
The data herem reported, therefore, throw senous doubt upon a conver 
Sion, mole for mole, of estrone to estradiol m survivmg endometnum of e 
bovme and human species Such a mechanism, however, has beens oivn 
to exist m the endometnum of the pregnant rabbit under iden ica 
conditions 
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SUMMAHTl 

Samples of viable endometrium fiom the bovine during various stages of 
the estrous cvcle, from a woman 3 months pregnant, and from pregnant 
nbbits Mere incubated aerobically with estione and estradiol 
The bovine endometiium neither destroyed estrone significantlj noi con- 
^erted it to estradiol duiing any stage of the estrous cycle This was also 
true of the endometrium of the pregnant w oman 

Ihe endometnum of the pregnant rabbit appeared to convert estrone 
almost entirely to estradiol 

The authors wash to express their indebtedness to Mrs C J Carter for 
the Warburg studies 
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ENZYMATIC HYDROLYSIS OE URINARY SODIIBI 
PREGNANEDIOL GLUCURONIDATE TO FREE 
PREGNANEDIOL* 

B\ NATHAN B TALBOT, JOSEPHINE RIAN, A^D JOHN K WOLFE 

{From the Department of Pediatries, Harvard Medical School, and the Children’s 
^[cdlcal Sen ICC, Massachusetts General Hospital, Boston) 

(Recei\ ed for publication, September 28, 1943) 

The available evidence suggests that most of the stenod hormone end- 
products uhich are ehmmated from the body by uay of the urme are 
conjugated mth an inorganic or organic acid This conjugation presum- 
ablj facihtates then transportation and excretion by rendenng them 
soluble in vater or unne Examples of such conjugated steroids vhich 
hate been isolated from unne as sulfates are androsterone (1), dehydro- 
isoandrosterone (2), and estrone (3), and as glucuromdates, estriol (4) and 
pregnanediol (5) Com enient methods for measunng the rate of urinarj’- 
excretion of these conjugated substances depend to a major extent upon 
hj drolysis of the conjugated steroids to unconjugated steroids DIost of 
the latter are essentiallv insoluble m uater and can be extracted from 
aqueous solutions with suitable orgamc solvents 

In a previous paper (6) evidence was presented which showed that the 
commonly emplo 5 ed hydrochlonc acid hydrolysis procedure tends to 
destroy dehydroisoandrosterone added to water as sodium dehydroiso- 
androsterone sulfate On the other hand, it ivas found that the sodium 
dehj droisoandrosterone sulfate could be hydrolyzed ivithout losses of 
dehydroisoandrosterone bj^ banum chloride solution at pH 5 Endence 
IS available which shows that hydrochlonc acid hi^drolysis of sodium 
pregnanediol glucuromdate also is accompanied by an approximatelj'' 30 
per cent loss of pregnanediol (7) However, tnal experiments have 
revealed that banum chlonde does not hydrolyze sodium pregnanediol 
glucuromdate 

The possibility that sodium pregnanediol glucuromdate could be hj’'dro- 
lyzed satisfactonlj’^ with the aid of glucuronidase was suggested by the 
observations of Fishman (8) He found that an enzjme obtained from 
beef spleen tended to hjdrolyze bomeol glucuromdate and certam other 
glucuromda'tes Because beef spleen enzyme prepared m this laboratorj"- 
accordmg to Fishman’s directions failed to hydrolyze sodium pregnanediol 
glucuromdate to pregnanediol satisfactonly, the use of an enz 3 me prepared 
from rat hver according to the directions of Astwood’ was imestigated 

* This w ork w as supported bt a grant from the Commonw ealtb Fund of Nen \ ork 

’Astivood, E B , unpublished observations 
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The present paper sho«s that this rat 3iver enzjme hydrol3zes sodium 
pregnanediol glucuromdate in puie aqueous solutions and in aqueous 
solutions of n-butanol extracts of unne to free pregnanediol m good juelds 


Analytic Procedure 


Preparation of Enzyme — ^Approximately slx stncth fresh livers from 
j oung adult rats are obtained These are ground into a paste mth mortar 
and pestle Acetone, c p , is added in small quantities and the gnnding 
continued until the liver is finely divided 10 \ oliimes of acetone are then 
added mth stirnng After standing 15 minutes the supernatant acetone 
is decanted and an equal volume of fresh acetone is added, agam inth 
stirrmg When the mixture has stood for another 15 minutes, it is filtered 
on a Buchner funnel mth the aid of moderate suction The residue on the 
filter is washed three times mth small quantities of anh>drous ether and 
sucked dry As much as possible of the resulting drj residue is sifted 
through a tea stramer The finelj'^ divided poudei which passes through 
the strainer contains the en^nne This dry, defatted liver ponder can be 
stored in a stoppered, dark bottle at ice box temperatures for at least a 
mouth wthout appreciable loss of activity 
Extraction of Sodium Pregnanediol Glucuromdate fwm Unnc — Unne is 
collected with 200 cc of n-butanol per hter added as a preservatue at the 
begmnmg of the collection period A washed and dned n-butanol extract 
of the unne is prepared according to directions outlined elsewhere (6) 
Enzymatic Hydrolysis of Sodium Pregnanediol Glucuromdate— Poe 
residue of a dned, n-butanol extract from an approximate!}’' 24 hour sample 
of unne is dissolved m 15 cc of distilled watei - 10 cc of 0 1 'V sodium 
acetate buffer (adjusted to pH 5 0) (9) and 400 mg of the rat liver powder 
are then added The reaction mixture thus prepared is incubated for 4 


hours at 37° 

Recovery and Colonmetnc Assay of Free Pregnanediol — During the penod 
of mcubation, the water-soluble pregnanediol glucuromdate is h} droh zed 
to free pregnanediol which is insoluble m water The mcubated reaction 


mixture is chilled and then filtered through Whatman No 2 filter paper 
The residue, which contains the free pregnanediol, is washed on the filter 
three tunes ivith 5 cc portions of cold w ater The combined filtrate an 


water washings are discarded 

The free pregnanediol contamed m the precipitate is then extracted from 
the precipitate by elution at least four tunes wnth 5 cc lots of hot 9o ^r 
cent ethanol The combmed alcoholic extract is evaporated to di^mes x 
heating in a boilmg water bath The residue is dissolved in 10 cc o o 


*1{ the residue of the butanol extract is not soluble in 15 cc of water, proportio 
ately larger quantities of w ater and reagents may be used 
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95 per cent ethanol and the piegnanediol is precipitated from the solution 
by the slow addition of 40 cc of w ater as descnbed elsewhere (7) After 
the precipitated pregnanediol has been collected, it is assa 3 ’^ed colonmetn- 
cally (10) 

EXPERIMENTAL 

Sodium Pregnanediol Glucuromdate — In these experiments, two samples 
of this substance were used The first. Sample A, was crystalhne sodium 
pregnanediol glucuromdate (m p 270-272°) obtained through the courtesy 
of Ajerst, AIcKenna and Harrison, Ltd The second. Sample B, was 
prepared from Sample A by repeated recrystalhzation from alcohol- water 
solutions Sample B had a melting point of 279-280° and a sodium content 
of 4 3 per cent (theoretical for C27H«08NaH20, 4 3 per cent) The mixed 


Table I 

Bclalion heticeen pH of Reaction Mixture and Yield of Free Pregnanediol Following 
Emymatic Hydrolysis of a Constant Quantity of Sodium Pregnanediol 
Glucuromdate (Sample A) Substrate 


Experiment No 

pH 

Pregnanediol recovered 

1 

1 

mi 

0 

2 

2 

1 4 

3 

3 

1 5 

4 

4 

2 1 

5 

5 

2 2 

6 

6 

2 1 

7 

7 

1 6 


* Adjustment of pH values was accomplished with one of the following approx 
imately 01 N buffer solutions pH 1, citric and hydrochlonc acids, pH 2 and 3, 
disodium phosphate and citric acid, pH 4 and 5, sodium acetate, pH 6 and 7, sodium 
phosphate 

meltmg pomt wuth an authentic sample of sodium pregnanediol glucurom- 
date (mp 279-280°) was 279-280° 

Conditions of Hydrolysis — The optimal pH w^as determmed as follows 
To 5 cc lots of an aqueous solution contaimng approximately 5 mg of 
sodium pregnanediol glucuromdate (Sample A) and 150 mg of rat liver 
enzt me pow der w^ere added 5 cc of approximately 0 1 n citrate, acetate, 
or phosphate buffer solutions with respective pH values from 1 to 7 
These mixtures of different pH were then incubated for 24 hours at 3r° 
The quantity of free (hydrolyzed) pregnanediol was determmed as in the 
analytic procedure described above The results (Table I) show that the 
3 ueld of free pregnanediol was greatest when the incubation was carried 
out at pH 5 
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To determine the length of tune necessary for hydrolysis at the optimal 
pH, mixtures similar to that used in Experiment 5 of Table I iv ere mcubated 
at 37° for varymg penods of time The results given m Table II demon 
strate that the jueld of hydrolyzed pregnanediol reached a maximum at 
approximate! j"- 3 hours Longer incubation neither inci eased nor decreased 
the yield 


Table II 


Relation between Duration of Enzymatic Hydrolysis at pH S and Yield of Free 
Pregnanediol from a Constant Quantity of Sodium Pregancdiol Glucuronidaie 
(Sample A) Substrate 


Experiment Is 0 

Duration of h>drol>&is 

Pregnanediol recovered 


hrs 

mg 

8 

1 

4 

0 

9 

1 

0 3 

10 

1 

1 1 

11 

3 

1 8 

12 

8 1 

1 S 

13 

19 

1 7 

14 

24 

1 8 


Table HI 


Relation between Concentration of Enzyme in Hydrolysis Htxiure (Incubated 4 Uoun 
at pH 5) and Yield of Pregnanediol from a Constant Quantity of Sodium 

Pregnanediol Glueuronidate (Sample A) Substrate 


Experiment No 

Concen ration of enzyme 

Pregnanediol recovered 


mg per cent 


15 

0 

0 

16 

so 

0 1 

17 

165 

0 6 

IS 

420 

1 0 

10 

800 

1 6 

20 

1,650 

1 7 

21 

8,000 

1 7 

22 

16,500 

1 7 


The concentration of enzime necessary for optimal hydrolj'sis 
im estigated by adding to 5 cc of an aqueous solution contaimng appro'a^ 
matel5' 5 mg of sodium pregnanediol glueuronidate (Sample A), 5 cc o 
0 1 N sodium acetate buffer (pH 5), and vanoas quantities (8 to 
of the enzjme powder The resultant mixture uas incubated for 
at 37° The results (Table III) re\ eal that a maximum yield was obtamea 
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Bhen the enzyme concentration was 1650 or more mg per cent "^Tien 
enzjTne w as added to make a 10-fold higher concentration (16,500 mg per 
cent), identical results w ere obtained 
Quanitlahve Efficiency of Enzymatic Hydrolysis Procedure — -Table IV 
shows the quantity of free pregnanediol recovered from aqueous solutions 
contaimng measured quantities of analytically pure sodium pregnanediol 
glucuromdate (Sample B) hydroljzed according to the analytic procedure 
The theoretical yield of free pregnanediol from 1 mg of sodium pregnanediol 
glucuromdate is 0 597 mg It is seen that the average recoverj' of free 
pregnanediol w as 89 per cent of the theoretical yield (range 86 to 92 per 
cent) 

The combined hydrolj’’sates of these three experiments melted at 224r- 
226° After cr} stallization from ether the meltmg pomt was 235-236° 

Table IV 


Recoiery of Pregnanediol Following Enzymatic Hydrolysis of Pure Sodium 
Pregnanediol Glucuromdate (Sample B) under Optimal Conditions (pH 5 
for Jf Hours at S7° with an Enzyme Concentration of 1600 Mg Per Cent) 


Experiment No 

Sodium pregnanediol 
glucuromdate added 

1 Pregnanediol recovered 

Theoretical 

(0) 

Betennmed 

(i) 

(i) 

(») 


1 

mg 

mg 


23 

None 

0 0 

0 0 


24 

10 0 

6 0 

5 5 


25 

4 7 

2 8 

2 4 


26 

4 2 

2 5 

22 



* The theoretical jneld of free pregnanediol from 1 mg of sodium pregnanediol 
glucuromdate is 0 597 mg 


The melting pomt of this material when mixed wuth an authentic sample 
of pregnanediol (m p 236-237°) tvas 236-237° This indicates that the 
material recovered after enz 5 Tnatic hydrolysis of sodium pregnanediol 
glucuromdate was pregnanediol 

Efficiency of n-Biitanol Extraction of Sodium Pregnanediol Glucuromdate 
(Sample A) Added to Urine— The efficiency wath which pregnanediol, added 
to unne as sodium pregnanediol glucuromdate, could be recovered by the 
analytic procedure outhned above was mvestigated as follows 150 to 1000 
cc lots of freshly i oided urme were obtained Each lot was divided into 
two equal portions To one aliquot nothing was added, to the other a 
measured quantity of an aqueous solution of sodium pregnanediol glu- 
cuiomdate (Sample A) was added Because the available sodium preg- 
nanediol glucuromdate was not chemically pure, the concentration of this 
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substance in the aqueous solution added to unne uas determined bj direct 
enzymatic hydrolysis followed b}'- colonmetnc assay accordmg to the 
analytic procedure Thus, though the losses inherent m the enzjTnatic 
hjdroljsis and colonmetnc assay portion of the analytic procedure are 
canceled out m these expenments, they do give accurate mformabon 
concermng the efficiency of the n-butanol extraction portion of the pro- 
cedure 

The data obtained (Table V) show that the pregnanediol recovered 
following the addition of sodium pregnanediol glucuronidate to unne vas 
on the average 92 per cent (range 79 to 100 per cent) of the theoretical 


Table V 

Recoicry of Pregnanediol Added to Lrinc jIs Sodium Pregnanediol Glucuronidate 
(.Sample A) Prior to n Butanol Extraction and Enzymatic Hydrolysis 


'Eipcnmenl No 

Sodium pregnanediol 

glucuronidate added* 

Pregnanediol recovered 

Theoreticalt 

(«) 

Determined 

(b) 

m 

w 


«f 1 

«« 



27a 

0 


0 


27b 

3 0 

1 8 

1 7 

0 94 

28a 

0 


0 


2Sb 

3 0 

1 8 

1 8 

1 00 

29a 

0 


1 0 


29b 

3 0 

2 8 

2 7 

0 96 

30a j 

0 


0 


30b 

3 0 

1 8 1 

1 4 

0 79 


* A measured quantity of a stock, aqueous solution of sodium pregnanediol glucu 
romdate (Sample A) nas added in these experiments The concentration of preg 
nanediol (as sodium pregnanediol glucuronidate) in this stock solution aas 
determined by direct enzymatic hydroljsis and subsequent colonmetnc assaj of a 
portion of the solution according to the analj tic procedure 

t The theoretical yield of free pregnanediol from 1 mg of sodium pregnane lo 
glucuronidate is 0 597 mg 

value obtained by the procedure gust desenbed This finding mdiwites 
that the n-butanol extraction and partial purification of unnarg sodium 
pregnanediol glucuromdate were accomplished inth reasonable efficient 
It also suggests that urme extracts prepared according to the ana j m 
piocedure are free from substances which inhibit the enzgmatic 
of sodium pregnanediol glucuromdate to pregnanediol bt the drg , defa t 
rat liver powder 

Comments 

The observation that hydrochlonc acid hjdrolj’sis tends to damage the 
w'ater-soluble sodium pregnanediol glucuromdate has been rea rm 
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Id an unroported expcnnient 9 7 mg of the chenucallj pure sodium preg- 
nanediol glucuromdate (Sample B) were hydrolyzed Buth acid according 
to the directions of Astv ood and Jones (7) The jueld of free pregnanediol 
Bas 68 per cent of the theoretical, a value Bhich corresponds closely to the 
aAcrage yield reported b 3 them (aAerage, 68 per cent, ma-umum, 80 per 
cent) 

Because it has been found preAuouslj (10) that pregnanediol can be 
recoA ered quantitatiA'el}’- onlj' b hen it is added to unne as free pregnanediol 
before simultaneous acid hjdrolj'sis and carbon tetrachlonde extraction, 
it AA ould appear that the acid Iia droh sis damages the conjugated sodium 
pregnanediol glucuromdate before hj’^drolj'-sis to the unconjugated form has 
rendered it soluble in an organic soIa ent Thus, as Bath sodium dehydro- 
isoandrosterone sulfate (6), it is difficult to unagme steps b} Bhich destruc- 
tion of the conjugated matenal b3’' acid h3'drol3'sis can be aA oided 

On the other hand, the present expenence Bath rat Iwer enz3ane suggests 
that the enz3Tne is a reasonabl3’' satisfactory agent for the h3 drolysis of 
sodium pregnanediol glucuromdate The recoAeries obtained by this 
enzymatic method of h3 drol3 sis approach 100 per cent sufficiently closel3 
(average 89 per cent) to suggest that the h3'drol3 sis is quantitatiA e and that 
thf losses are due to ph3"sical rather than chemical phenomena 

* SUMMARY 

An enzyme A\hich h3'^drolyzes sodium pregnanediol glucuromdate to 
unconjugated pregnanediol in satisfacton 3aelds has been demonstrated 
in acetone-dned rat liver poB der 

This h 3 drol 3 sis is earned out bA incubatmg the substrate m aqueous 
solution at pH 5 foi 4 hours at 37” 

Pregnanediol added to unne as sodium pregnanediol glucuromdate can 
be recovered quantitativelj as pregnanediol after r?-butanol extraction of 
the unne and enzymatic h 3 "drolysis of the extract 

We are indebted to Dr E B Astuood for aid in the pieparation of the 
enz 3 me and to Dr A Stanle 3 Cook of kA erst, McKenna and Hamson, 
Ltd , for generous supplies of cr 3 'stalline sodium pregnanediol glucuromdate 
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(From the Texas Agneullural Experiment Station, Agrieultural and Meehanical 
College of Texas, College Station) 

(Received for publication, October 11, 1943) 

The present chemical methods for the determmation of ammo acids are 
m many mstances labonous and time-consuming, and m some cases do not 
give results of unquestioned accuracj' Better analytical methods are 
particularlj' needed for those ammo acids the chemical stiuctures of which 
are so similar that quantitative separations by chemical and physical means 
are almost impossible Smee shght changes m chemical structure often 
result m pronounced differences in biological response, microbiological 
methods such as those which have proved useful and dependable m ntamm 
assays appear to offer defimte possibilities for the determmation of ammo 
acids m the protems of foodstuffs 

A method for the determmation of valme, leucine, and isoleucme m w hich 
Laclohacillus arabinosus 17-5 is used as the test orgamsm' is desenbed m the 
present commumcation The general procedure of using the orgamsm for 
biological assay is similar to that desenbed b 3 ’’ Snell and Wnght (1) for the 
determination of meotime acid A suitable mixture of pure ammo acids is 
used to replace the casein hydrolysate m the medium for mcotmic acid 
assay p-Aminobenzoic acid and also a concentrate prepared from tomato 
juice are added 

The tomato concentrate was first prepared to supph a deficiencj’^ in the 
medium that can now be attnbuted to p-aminobenzoic acid The essential 
nature of p-ammobenzoic acid for the growdh of Lactohacxllus arabinosus 
w as discovered by Isbell (2) Although the tomato eluate is a rich source of 
p-ammobenzoic acid, its activity is not completelj replaced bi this vitanun 
Evidence has been obtamed to mdicate that tomato juice contains an 
unknown grow'th-stimulatmg substance for Lactobacillus arabinosus 

Dunng the preparation of this manusenpt. Brand, Rjnn, and Regnerj 
(3) reported a method for determimng leueme in which a mutant of the 
mold Neurospora crassa w’as used as the test organism 

^ Cultures of this organism may be secured from the American Type Culture Col 
lection, Georgetown Umversitj Medical School, Washington D C , where it is 
listed as No 8014 
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determination of amino acids 


EXPERIMENTAL 
Materials and Methods 

Basal Medium — The composition of the complete medium for Lacto- 
bacillus arahmosus is given m Table I Assay media for valine, for leucine, 
or for isoleucine are prepared by omittmg the appropriate ammo acid 
The medium is prepared from stock solutions which are stored m the 
refrigerator Tvrosine is dissolved in 0 1 n NaOH, cystine is dissolved in 
0 1 N HCl, all other ammo acids are dissolved m water and adjusted to 
neutrality with a vater solution of phenol red as an mdicator Small 
amounts of this indicator do not appear to affect the growth of the bactena 


Table I 

Complete hteditim for Lactobacillus arabinosus 


Glucose 

40 

gm 

l(-l-) Arginine hj drochloride 

400 mg 

Sodium acetate (anhidrous) 

14 5 


dl Alanine 

400 

(( 

Adenine sulfate 

10 

mg 

dl Aspartic acid 

SOO 

fl 

Guanine hi drochloride 

10 


dl Glutamic acid monohydrate 

SOO 

<( 

Uraoil 

10 


f(— ) Histidine monohj drochio 



Thiamine chloride 

200 

y 

ride 

400 

/f 

Pj ridoxine hj drochloride 

200 

tt 

l{+) Ljsine hydrochloride 

400 

t( 

Calcium panto'-henate 

200 

it 

dl Phentlalanine 

400 

tl 

Biotin 

0 8 

u 

l(—) Proline 

400 

ft 

Riboflavin 

400 

n 

dl Serine 

400 

tt 

Nicotinic acid 

SOO 

tt 

l(—) Trjptophane 

400 

(1 

p Aminobenzoic acid 

1 0 “ 

dl Methionine 

400 

tt 

Tomato eluate 

200 

mg 

dl Threonine 

400 

tt 

K HPO< 

1 

gm 

dl Tj rosme 

400 

tt 

ICHPO, 

1 

(( 

dl \ aline 

400 

t 

MgSOi 7H 0 

400 

mg 

dl Leucine 

400 

tl 

NaCl 

20 

(1 

dl Isoleucine 

400 

It 

FeSO* 7H 0 

20 

tt 

l(—) Cj Stine 

400 

II 

MnSOi 4H 0 

20 

" 1 





Adjust to pH 6 5 to 6 S and dilute with water to 1 liter 

A concentration of 5 mg per ml is used for cystine, 20 mg per ml for 
glutamic and aspartic acids, and 10 mg per ml for all other ammo acids 
Synthetic ammo acids in so far as thej’' are available are used m preference 
to ammo acids isolated from natural materials Directions for the prepara 
tion of stock solutions of other mgredients of the medium are given by Sne 
and Wnght (1) Presen atives such as toluene or chloroform are not use 
Tomato Eluatc — The contents of a large can of tomato juice (1350 / 

are diluted vath an equal volume of distilled water and centrifuged 6 
supernatant fluid is clarified bv mixing iiath 120 gm of Filter Ce an 

Johns Maniille Hjflo Super-Cel 
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filtermg Mitli suction The clear filtrate is adjusted to pH 3 with sulfunc 
acid 40 gm of nont A are added and the suspension is shaken mecham- 
callj' for 30 minutes The nont A, on which the active material is adsorbed, 
IS collected by filtenng through a thin mat of Filter-Cel The nont is sus- 
pended m 250 ml of 60 per cent ethanol and then collected by filtermg 
through the original filter mat The active matenal is next eluted from the 
nont as follow s The nont and the filter mat are suspended m 200 ml of a 
pj ndine-ethanol-w ater mixture (12 1 by volume) The suspension is 
heated to approvimatelj' 60° and shaken mechamcally for 15 nunutes The 
eluate is collected by filtering through Filter-Cel and the nont is treated with 
the pjTidine-ethanol-water mixture m the same manner tw'o additional 
times The filtrates are combmed and evaporated nearly to dryness by 
vacuum distillation A small amount of distiUed water is added and 
the solution is neutralized ivith sodium hydroxide and the vacuum distilla- 
tion IS then contmued until the pyndme is completely removed 
Further purification and concentration of the active matenal are accom- 
plished by hydrolyzing with sulfunc acid in order to break dowm protem 
impunties and then repeatmg the adsorption and elution processes The 
matenal js refluxed for 24 hours with 40 ml of 8 N H-SO^ Then a hot 
saturated solution of banum hydroxide is added until the hydrolysate is 
alkalme to Congo red but acid to litmus The BaS 04 is removed and 
w ashed twice with hot w ater The hydrolysate and w ashings are combined 
and adjusted to pH 3 Any precipitate w hich forms at this point is remox’-ed 
by centrifuging The adsorption and elution are then repeated as described 
above with 8 gm of nont A and 100 ml portions of the elution mixture 
After removal of the pyridine-ethanol-water mixture by vacuum distillation, 
a w ater solution contaimng 5 mg of dry sohds per ml is prepared Durmg 
the elution some of the nont may become colloidal and hence extremely 
difficult to filter This difficulty can be overcome by addmg a little fresh nont 
Assay Procedure — Stock cultures of Lactobacillus arahinosus are earned as 
stabs m a solid medium contaimng agar (0 8 per cent), peptomzed milk 
(1 per cent), tryptone (1 per cent), and filtered tomato juice (200 ml per 
hter) Four stabs are prepared at monthly intervals from previous stab 
cultures They are incubated for 24 hours at 35° and then stored in the 
refrigerator until needed Cultures for the moculum are prepared by trans- 
femng matenal from one of these stabs to tubes contaimng the above 
medium with the agar omitted These cultures are incubated 18 to 24 
hours at 35° The cells are then centnfuged out asepticallj and washed 
once wuth 0 9 per cent N aCl solution The w ashed cells are again suspended 
m the salt solution and 1 drop of this suspension is added to each assaj 
tube Best results are obtamed with ver 3 dilute cell suspensions The 
authors have found the use of the peptone-trj'ptone-tomato juice medium 
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more desirable lor the preparation of the inoculum than the medium de- 
scnbed in Table I TlTien the recommended medium is used, it is entirelj 
satisfactor}^ to prepare the inoculum for tests on successive days by senal 
transfer from that of the preceding day However, it is advisable to 
return to the ongmal stab cultures weekly to reduce the chance for con- 
tammation 

The assay is earned out as follow's Graded amounts of the pure anuno 
acid solution aie added m duplicate to a senes of tubes which are to be used 
as standards The range of the standards is from 0 to 0 1 mg of dl-valme, 
dWeueme, or dZ-isoleucine, unexplainable irregulanties have occurred when 
the range w as extended beyond these limits Successive tubes m the senes 
kould not differ by more than 0 02 mg of the ammo acid m question ^li- 
^.^quots of protein hj'drolysates or other unknow'ns prepared as desenbed 
below (adjusted to pH 6 5 to 6 8) are added to other tubes m dupheate at 
three levels 5 ml of the appropnate assay medium are then added to all 
tubes and this is followed by the addition of distilled w'ater to adjust the 
final volume of each tube to 10 ml The contents of the tubes are mixed by 
shakmg before they are plugged with cotton and sterilised fay autocla\'ing 
at 15 pounds pressure for 15 minutes If the contents of the tubes are not 
thoroughly mixed before being autoclaved, wide vanations often occur in 
the titration values for dupheate tubes It is also desirable to autoclax e the 
unknown and standards simultaneously The sterilized tubes are cooled, 
inoculated, and incubated at 35® for 72 hours 

After incubation the tubes are centrifuged and 5 ml aliquots are titrated 
with 0 1 N NaOH, brom-thjinol blue being used as the indicator The 
clear solutions obtained by centnfuging out the bacteria can be titrated 


more accurately than the turbid cultures 
Standard Curves — Typical standard curves are shown m Figs 1, 2, and 3 
Preparation of Hydrolysates for Analysis — Punfied protems are hx dro 
lyzed by refluxing for 24 hours with 5 n H2S0< Approximately 40 ml of 
acid are used per gm of protein The hydrolj'sates are neutralized with a 
hot saturated solution of banum hjdroxide The BaSOi precipitate is 


removed and extracted three times xnth boiling water All filtrates are 
combined and tested for the absence of barium ions, adjusted to pH 6 5 to 
6 8, and then diluted to a suitable volume Natuial foodstuffs are first 
dned in vacno for 5 hours at 95°, and then extracted with dr^ ethj 1 ether for 
16 hours The fat-free samples are hydrolj zed in the manner desenbe 


No attempt is made to remove carbohydrates 

Optical Isomers of Ammo Acids — In this papei the naturall}' occurnng 
anuno acids are designated as the I forms, the direction of rotation of the ree 
amino acid in water at 25° being given in parentheses f(+ )-^ aline wm 

resolved from the synthetic dl mixture by the method of Holmes an 
Adams (4) (i(— )-Valine was obtained from Hoffmann-La Roche an 
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Companj Synthetic di-isoleucine was repeatedly recrystalhzed from 80 
per cent ethanol for the purpose of removing any alloisoleucine which 
might be present (see Abderhalden and Zeisset (5)) d { -)-Isoleucme was 




Fig 1 

Fig 1 Standard curve for the determination of valine 
5 ml aliquots from 10 ml culture tubes 

Fig 2 Standard curve for the determination of leucine 
5 ml aliquots from 10 ml culture tubes 


Fig 2 

Titration values are for 
Titration values are for 



Fig 3 Standard curve for the determination if isoleucine Titration values are 
for 5 ml aliquots from 10 ml culture tubes 

resolved from the dl mixture by the method of Locqum (6) and f(+)-iso- 
leucine by a modification of the method of Holmes and Adams (4) l{—)- 

Leucine was obtained from Ammo Acid jManufactures, Universitv of 
California 

Pr&paraiion of Peptonized Casein — 100 mg of casein vv ere heated under a 
reflux condenser for 4 hours vnth 10 ml of N HCl The hj drol} sate w as 
neutralized wuth XaOH and diluted to a suitable v olume 
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Hydrolysis of Dtpepttdes—7l 8 mg of gljcyl-K-~)-leucme or dWeucyl- 
glycme (equivalent to 50 mg of leucine) u ere heated in a boiling water bath 
mth 5 ml of 5 k sulfuric acid for 24 hours The hydrolj sates u ere neutral- 
ized with NaOH and diluted to a suitable volume 


Ammo Acid Requirements of Lactobacillus arabinosits 

As IS shown in Table II, mne ammo acids were found to be essential for 
the growth of Lactobacillus arahtnosus In the absence of any one of these 
either no groivth or only very scant growth occurred In addition each 
of the ammo acids listed as accessory increased the growth of the 
bacteria and maximum growiih was obtamed only when all of these 
were present in the medium A list of ammo acids which were found to 
have no effect on the growth of this orgamsm is also included in Table H 


Table II 


Ami-no Acid Requirements of Loctohactllus arahtnosus 


Esscutial 

Acctssoiy 

Ammo acids with no effect on groirlh 
of LaclohacxUus arabmastu 

Glutamic acid ! 

Alanine 

Norvaline 

Trj ptophane 

Arginine* 

Norleucme 

Threonine 

Aspartic acid 

1 a Ammoisobutync acid 

Valine 

Histidine 

o Ammo n butjric “ 

Leucine 

Proline 

! Glj cine 

Isoleucme 

1 Serine 

Hi droxj proline 

Cj Stine 

hlethionine 

P Hi droxj •’liitnniic acid 

Lysine 

Phenjlalanine 

1 Tj rosine 

1 

P Alanine 


* Arginme can be replaced by either ornithine or citruUine 


On occasion even highlj^ punfied samples of ammo acids hai e been found 
to contain traces of other ammo acids Because of this, it is possible that 
some of the anuno acids classed here as accessor}'’ may aetuall} be essentia), 
failure to demonstrate their essential nature being a lesult of their presence 
as impunties in other ammo acids used in the medium 
Optical Specificity — Pure samples of valme, leucine, and isoleucme are 
more readily available as the synthetic dl forms In order that these ai 
preparations might be used as standards, the ratio of their activity to the 
actmt} of the naturally occurnng I forms was determined The data m 
Table III indicate that only the naturally occurnng optical isomers of these 
three ammo acids are active Therefore, tw o w eight units of a dl form are 
exactly equivalent in actmty to one n eight unit of the pure I amino aci 


Growth Slimidabon by Tomato Eluate 
The complete medium as desenbed above contains optimum quantities of 
the ammo acids which affect the growth of Lactobacillus arahtnosus 
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creasing the amounts of any of these or of any of the vitamins contained in 
the medium did not result in increased growth of the organism Increased 
gron th M as obtained, how ever, by the addition of the tomato eluate prepar- 
ation as shown by the data for a typical test given in Table IV The fol- 
lowing compounds w ere found to be completely inactive in increasmg growth 
on the complete medium without added tomato eluate inositol, pimelic 
acid, glucosamine, glutamine, asparagme, ascorbic acid, and creatmine 


Table III 


Spccifiaty of Lactohacillus arabtnosus for Optical Isomers of Valine, Leucine, and 

Isoleitcinc 


Ammo acid 

Optical form 

Weight 
per test 

Titration values * 0 1 n NaOH 



mg 

ml 

ttH 

Valine 


0 00 

0 56 


II 

d(-) 


0 52 


II 

H+) 

0 02 

2 17 

2 19 

II 

dl 

0 04 

2 19 

2 19 

Isolcucine 


0 00 

0 21 


(I 

d(-) 

0 04 

0 22 


II 

H+) 

0 04 

2 83 

2 84 

II 

dl 

0 08 

2 75 

2 76 

Leucine 

l(~) 

0 04 

2 70 


If 

dl 

0 08 

2 85 

2 82 


* 5 ml aliquots from 10 ml culture tubes 


Table IV 

Growth Stimulating Effect of Tomato Eluate 
The medium was complete except for the omission of tomato eluate 


Eluate added per tube ' 

Titration values • 0 1 n NaOH 


ml 

0 0 

4 00 

0 5 

5 46 

1 0 

6 33 

2 0 

6 60 


*5 ml aliquots f'om 10 ml culture tubes 


Effect of Humin Formation on Determination of Valine, Leucine, 
and Jsoleumne 

It IS well known that the presence of carbohydrates during the hydrolysis 
of protems m acid solution results m mcreased formation of humin with 
correspondmg loss of protein mtrogen The loss of t5rrosme and trypto- 
phane in this manner is particularly significant An attempt has been 
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made to evaluate the loss of \alme, leucine, and isoleucme resulting from 
hunun formation rvhen hj drolj-sis is earned out m the presence of carbo- 
h> drates Casern was analyzed for \ ahne, leucine, and isoleucme The 
analj ses n ere then repeated on samples of casern which had been hi droh zed 
in the presence of different carbohi drates The data presented in Table V 
indicate, as m as expected, that some loss of these ammo acids does occur as 
a result of humm formation Howeier, the data would seem to mdicate 

Table V 


EJfecl oj Hydrolyzing Casein tn Presence of Carbohydrates on Delerminalton of Valine, 

Leucine, and fsoleucine 
A% erage \ alues for three different test le\ els 


Carbohydrate added to 1 gm casern before hydrolj'sis 

^ aline 

lencme ^ 

Isaleuoae 


f'ercati I 

Pereeni 

mmm 

None 


9 27 


Sucrose, 1 gm 


8 9S 


Arabinose, 1 gm 


9 02 

a 53 

Soluble starch, Merck, 5 gm 

i 6 00 ] 

i 9 07 

6 10 


Table VI 


Valtnc, Leucine, and Isoleucme Content of Some Foodstuffs 


Material atial>'zed 

Pro 

lem 

content 
of uo 
dried 
samples 

Valine 

Leucine 

Isoleucme 

Un 

dried 

basis 

Mots 

lure- 

free 

basis 

Per cent 
total N 
as 

valioe 

Un 

dried 

basis 

Mois 

turt 

free 

blSIS 

Per cent 
totals 
as 

Icuone 

Un 

dried 

basts 

Mois- 

ture 

free 

basts 

Per ctal 
total N 
as ISO- 
leucue 


percent 

percfnS 

Pfrccnl 


perecni 

per cent 


^eremf 

percent 


Cottonseed meal 

42 75 

1 59 

1 70 

2 78 

2 13 

2 2S 

3 32 

1 45 

1 55 

2 27 

Peanut meal 

■W 69 

1 79 

1 95 

3 00 

2 45 

2 67 

3 66 

1 53 

1 67 

2 3S 

So\ bean meal 

43 91 

1 85 

2 00 

3 15 

2 90 

3 23 

4 40 

2 06 

Fffl 

3 14 

Wlient 

13 01 

0 51 

0 5S 

2 60 

0 82 

0 93 

3 84 

0 47 

rail 


Gelatin 



2 46 



3 30 



I 71 



* Kicldahl X multiplied bi the factor 6 25 except for wheat, for which the factor 
5 7 w as used 


that this loss is not great enough to affect senouslj the usefulness of de- 
termmations of these ammo acids m the proteins of natural foodstu s 

Analytical Data for Foodstuffs 

Table VI gu cs data for the \ ahne, leucine, and isoleucme j leldcd b) f 

proteins of a fen natural foodstuffs * n of 

Effect of Omitting Tomato Elualcfrom Assay il/afmm— Simplinci lo 
the medium bj omitting the tomato eluate iiould be an advantage 
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could be done without s'lcnricing the nccurncj of the determinations This 
w ould appear to bo possible if the material to bo analyzed does not contain a 
significant amount of the unknown grow th-stimulating substance In cases 
m w Inch the food material does contain the grow'th stimulating substance, 
high results are to bo oxpeoted if the cluatc is omitted from the medium 
The data in Table VJI were obtained by analyzing a few' foodstuffs, media 
w ith and wathout the tomato cluate being used Although these data w'ould 
indicate that in some eases satisfactoi-y results can be obtained by either 
procedure, it lias been found advisable to include the tomato eluate in the 
assa\ medium in all cases, because better agreement betw'een titrations of 
duplicate tubes and smoother standard curves have been consistently 
obtained when it is used 


Tadle VII 


Effect of Omttling Tomato Eluate from Assarj ^^cdtum on Determination of Leucine 


Material anabred j 

Leucine content, undricd basis 

\\ ithout tomato eluate m i 
medium I 

With tomato eluate in 
medium 


per eent 

per cent 

Cottonseed meal 

2 07 

2 03 

Peanut meal 

2 48 

2 45 

Soy bean meal 

2 93 

2 93 

tVheat 

0 81 

0 76 


Effect of Incompktc Hydrolysis 

The possibihty has been considered that ammo acids might be de- 
termmed m partially hydrolyzed materials by the use of the microbiological 
method The drastic conditions usually employed for hydrolysis w ould be 
avoided by this procedure Casern, peptonized by being heated for 4 hours 
with 1 N hydrochlonc acid, was assayed for valine, leucine, and isoleucme, 
and the values were compared wnth those obtained after complete hy- 
drolysis Decidedly low results w ere obtained wath the peptomzed samples 
(Table VIII) 

This effect was also studied with two dipeptides contaimng leucine which 
were assayed both before and after hydrolysis wth sulfunc acid Satis 
factory recoveries of leucine were obtained with the hydrolyzed samples of 
both dipeptides and also wath the unhydrolyzed glycylleucinc at the lower 
test levels (Table IX) Unsatisfactory recoveries were obtained with 
unhydrolyzed leucylglycine and also wath unhydrolyzed glycylleucine when 
tested at the higher level It appears that the extent to which an ammo 
acid in a peptide is utilized by this organism depends on the test level and 
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also on the nature of the peptide The results obtained with the partmll} 
hydrolyzed casein and the unhydrolyzed peptides indicate that samples 
should be completely hydrolyzed before analysis 

TABtE VIII 


Effect of Incomplete Hydrolysis on Analysis of Casein for Leucine, Isolcuctne, and 

Valine 


Treatment of casein sample 

Valine 

Leueme 

1 

IsoleuciDc 


per cent ' 

Per cent 

per cent 

Complete hydrolysis 

6 25 

9 27 ! 

6 05 

Incomplete hydrolysis (peptonization) 

5 45 

8 35 

4 91 


Table IX 

Effect of Hydrolysis on Determination of Leucine in Peptides 



Theoretical 
Z(— ) leucine 
content of 
samples 

f(— ) Leuane found 

Non hydrolyzed sample 

Hydrolyzed sample 


mg 

n 

per cent 
of thecreitcal 

mg 

per cent 
ef ikeoTtitfil 

di-Leucylglycine 

0 02 

mmm 

84 

0 0205 

102 


0 04 

BIB 

81 


100 


0 08 

BBI 

76 


102 

Glycyl-!(— ) leu- 

0 02 


98 

0 0195 

98 

cinc 

0 04 

0 0380 

95 

0 0415 

104 


0 08 

0 0638 

80 

0 080 

100 


DISCUSSION 

The method described is directly apphcable to the determmation of 
valine, leucine, and isoleucine in foodstuffs as well as m purified proteins 
The loss of these three ammo acids because of the humin formation which 
takes place when foodstuflfs are hydrolyzed in acid solution would appear to 
be relatively small even though the carbohydrates are not removed Hy- 
drolysis by the use of strong alkah is not a satisfactory procedure for the 
preparation of samples, because alkalme hydrolysis bnngs about racemira 
tion and only the naturally occurnng forms of these ammo acids are ufihze 
by Laclohacillus arabtnosus For the same reason, if small amounts of t e 
d or “unnaturally occurnng” forms of vahne, leucine, or isoleucine are 
present in foodstuffs or are formed dunng acid hydrolj^sis, these inll no 
determined by the method as descnbed m this paper Details of a me 
by which foodstuffs may be hydrolyzed m acid solution without the forma 
tion of hunun are being studied and mil be reported m a later coramuni 
cation 
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Tlie extreme sensitivity of the method makes possible the detection of 
small amounts of valine, leucine, or isoleucme m other amino acid prepara- 
tions For example, 0 5 per cent or even less of leucine present as an 
impunty in an isolcucinc preparation can be detected and quantitatively 
measured Tins scnsitivitj offer? the further advantage of permitting 
analj ses to be earned out on relatively small samples Although the data 
reported in this paper n ere obtained mth samples selected to contain about 
1 gm of protein, much smaller samples may be used if desired 

Potentially the method as desenbed m this paper might be used for the 
determination of any of the amino acids n Inch are essential for the growth of 
LadobactUus arahtnosus Specificit}' tests for the purpose of establishmg 
the reliabilit}’- of the assays mil be particularly necessary m the case of some 
of these ammo acids For example, Snell (7) has shown that anthramhc 
acid and also indole can partial^ replace tryptophane for the growth of this 
organism These substances if present in the samples to be analyzed would 
mterfere with the determination of tryptophane A second problem in this 
regard is that the tomato eluate as now used contains some ammo acids al- 
though it IS essentiallj' free of vahne, leucine, and isoleucme 

The experimental evidence thus far obtained does not justify postu- 
lates concerning the chemical nature of the tomato eluate factor The 
adsorption and elution processes are very similar to those previously 
used by Snell and Peterson (8) for the concentration from liver of an 
eluate factor which is required by Ladobacilltts caset e However, the 
tomato eluate factor appears to be different from that desenbed by Snell 
and Peterson on the basis of the followmg considerations The tomato 
eluate factor is stable to treatment with strong acids, wlule the liver 
eluate factor is labile to hydrochlonc acid (8) and sulfuric acid (9) 
Secondly, Hutchings, Bohonos, and Peterson (9) have reported that the 
hver eluate factor did not stimulate the growth of Lactobacillus arahtnosus 

SUMMARY 

1 A microbiological method for the quantitative determination of vahne, 
leucme, and isoleucme m foodstuffs is described Lactobacillus arahtnosus 
17-5 IS used as the test organism 

2 The ammo acid requirements of Lactobacillus arahtnosus are given 

3 Evidence is presented nhich indicates that tomato juice contains an 
unknown growth-stimulating factor for Lactobacillus arahtnosus The 
preparation of a concentrate of this factor is described 
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THE SEDIMENTATION RATE OF THE INFECTIOUS PRINCIPLE 
OF TOBACCO MOSAIC VIRUS* 


B\ MA\ A LAUFFER 

(From the Department of Animal and Plant Pathology of The Roekcfeller Institute for 
Medical Research, Princeton) 

(Received for publication, October 13, 1943) 

An important question concerning the macromolecular nucleoprotem 
isolated from mosaic-diseased tobacco plants (23) is whether this matenal 
actuallj IS the infectious pnnciple of tobacco mosaic virus oi merely some 
substance associated n itli it Considerable evidence relatn e to this issue 
has been amassed The t irus protein is alw ays found associated with the 
mfectious pnnciple, it has been isolated from many different batches of 
diseased tobacco plants and from other plant species infected with the 
mosaic disease (4, 10, 26) Similar, but distinctive, protems have been 
obtamed from plants diseased wth strains of tobacco mosaic virus (2, 10, 
11, 24) Entirely different proteins have been isolated from tobacco and 
othei plants infected with unrelated diseases (3, 20, 28) The ultraviolet 
absorption spectrum of the tobacco mosaic virus protein coincides with the 
radiation range lethal for infectivity (G, 15) The pH stabilitj range of the 
protein coincides with the stability range of virus infectnit^ (22, 32) 
Chemical changes in the protein molecule brought about bj prolonged 
action of formaldehyde (21), of iodine and lodoacetamide fl), of ketene, 
phenjl isocyanate, carbobenzoxy chlondc, p chlorobcnzo 3 d chloride, and 
benzenesulfonyl chlonde (17) result m modification or destruction of virus 
infectivity In the case of formaldehyde, reversal of the reaction is accom- 
panied bj’’ partial reactivation of the virus Attempts to separate the infec- 
tious pnnciple from the virus protein by centrifugation under a variety of 
conditions (25) and bj^ fractional crystallization (16) have consistently 
failed These facts form a reasonable basis for the assumption that the 
infectious pnnciple and the virus nucleoprotem are not separable and that 
virus infectivity is a specific property of the protein Neiertheless, much 
of the evidence on which this assumption is founded is essentiallj negative 
m character — the mability to demonstrate a difference between the infec- 
tious entity and the protein umt 

Further progress in this field can be made by applying more and more 
sensitive tests for differences One type of such test can be made with the 
ultracentnfuge The size and shape (12, 14, 27) and the rate of sedimenta- 

* Presented before the Division of Biological Chemistrj at the 106th meeting of 
the American Chemical Society at Pittsburgh, September, 1943 
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tion (13, 31) of the predominating nucleoprotem particles in a preparation 
of tobacco mosaic viixis are ell knowm, and it is also known in a general sort 
of wa} from the sedimentation results obtained in high speed angle centn- 
fuges (33) and from the nltracentnfugation studies of Beehhold and Schles 
inger (5) that the sedimentation rate of the infectious principle is at least of 
the same order of magnitude However, much more % aluable information 
can be obtained by comparing the sedimentation rates of the protein and of 
the infectious pnnciple on the same virus sample It is the purpose of the 
present report to desenfae such experiments and to evaluate the precision of 
the results 


Malmals and Methods 

A special type of ultracentnfuge cell, know n as a separation coll, was used 
m this study This cell differs from the conventional type bv haiing a 
perforated barriei m the sedimentation column about two thirds of the 
distance from the top to the bottom Its advantage is that it permits the 
matenal to be observed b}' the usual optical methods during the course of 
the run and also allow's a reasonably accurate sample to be removed at the 
completion of the run foi analysis by chemical or biological means Tlie 
separation cell was designed by Tiselius, Pedersen, and Svedberg (30) It 
has been used in previous studies to show that Type I antipneumococous 
actn itj IS associated w ith the fastest globulin component of horse serum 
(30), that the mfectivitj of mouse encephalitis virus is probably associated 
with a component with a sedimentation constant of about 160 Svedberg 
units (9), and that the oxytocic and pressor activities of o\ pituitary are 
probabH associated with a pure protein with a molecular weight of about 
30,000 (7) 

Virus infectivit}’' measurements were earned out by a method sunilar to 
that described by Price and Spencer (18) Standard and unknoiwi virus 
solutions each at concentrations of about 10~‘ and 10“® gm per cc were 
applied to opposite hahes of NtcoUana gbdznosa L leaves Twelve plants 
containing six leaves each were used A type of Latin square arrangement 
w'as worked out m such a manner that all four solutions wore applied to 
every plant and all comparable positions on the plants were occupied the 
same number of times bj" each solution The determination of the relative 
activities of the control and unknown and the computation of the expen 
mental error bj' the analysis of vanance were earned out m a manner com 
parable to that desenbed bj’’ Price and Spencer for the case of two dilutions 
Two preparations of tobacco mosaic virus, designated as Prepamtions 

A and B, were used in these studies Each was isolated from fresh j ^ 

vested, young, diseased Turkish tobacco plants by two high and low spe 
centnfugation cycles 
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In (he CNpenments in the separation cell, the eell was filled mth solutions 
containing about 5 mg of a irus per cc of 0 1 m phosphate buffer at pH 7 
It was then spun in the ultracentnfuge until the protein boundary nas 
cither just aboa e or just beloaa the perforated barriei The boundary aa as 
folloaa ed in each case during the course of the c\perunent b 3 the cjdindncal 
leii'- schheren method (29) After the completion of each run, the contents 
of the top section of the ‘^ejiaration cell aa ere remoa ed quantitatia^ely From 
the optical data on the sedimenting boundarjq the sedimentation constant 
of the micleoprotein aaas calculated m the usual manner Also from the 
data, the position of the boundarj' at the end of each run aa'as determined 
From the position of the boundarj aaith lespect to that of the barner at the 
end of an c\pcnment, the fraction of the original protein remaining in the 
top compai tment aa as calculated in the cases of the experiments m avhich the 
boundarj did not migrate beyond the barner This computation is de- 
pendent upon the assumption that the protem is practically homogeneous 
aaath respect to sedimentation rate Analyses for protem by a micro- 
Kjeldahl method and for anrus infectia itj’' aa’ere made upon the onginal anrus 
solutions as introduced into the cell and upon the contents removed from 
the top compai tment 


EXPERiaiENTAL 

In Experiment I, airus Preparation A aaas centnfuged until the piotem 
boundarj’’ had migrated about three-fourths of the avay to the barner The 
sedimentation constant for the 5 mg per cc solution, corrected to avater at 
20°, 520, aaas calculated from the optical data to be 165 Svedberg umts * 
This aa ould correspond to a amlue at infimte dilution of about 187 Svedberg 
imits (13) - It can be seen m Table I that the fraction of the protem re- 
maining m the top compartment after the centrifuge aa’as stopped, as calcu- 
lated from the position of the boundary at the end of the experiment, 
agreed excellentlj aaith that calculated from chemical analyses This is 
evidence that a irus Preparation A really aa’as quite homogeneous and also 
that the sampling process aa as fairlj’’ accurate It maj’ also be seen that the 
fraction of the anrus mfectianty remaming in the upper compartment differed 
from the fraction of protem by an amount just about equal to the probable 
error of the infectivita measurement This result means that the mfectious 
principle must sediment at a rate not demonstrablj’^ different from that of 
the protem particles 

In order to appreciate the full significance of this result, it is necessarj to 
look at it from a slightly different point of vieaa From the value of 0 21 
for the ratio of actmta of the top compartment to onginal actmtj , one can 

* The Svedberg unit is 10"*’ cm per second per unit field 

' Lauffer, M A , unpublished results 
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calculate a sedimentation constant of 178 Svedberg units for the infectious 
pnnciple This maj”- be compared uuth the value 165 calculated from the 
optical data for the protein m this same experiment From the upper and 
lou er limits of the probable error of the ratio of final to initial activities, one 
can calculate lower and upper limits of the probable error of the sedunenta 
tion constant of the infectious pnnciple to be 167 and 188 S\ edberg units, 
that is, 178 Svedberg units ± 6 per cent The lower ^ alue is seen to be in 
excellent agreement wuth the sedimentation constant of the virus protein 
Thus, the sedimentation rate of the infectious pnnciple agrees with that of 
the protem wuthin a probable error of 6 per cent 


Table I 

Sedimentalion of Tobacco Mosaic Virus in Separation Cell 


Material 

Fraction above barrier after nm 

Protein determined optically 

0 26 

“ “ bj chemical analysis 

0 26 

Virus infectivity 

0 21 ± 0 045* 


* The number 0 045 is the probable error The expression 0 21 ± 0 045 means 
that the chances are even that the true infectivity ratio lies within the range 0 165 
to 0 255 The probable error was calculated from the standard error, which was 
obtained from the infectivity data m a manner almost exacth parallel to that out 
lined in detail by Price and Spencer (18) in their discussion, under Scheme I, of the 
data of their Table I In this case, how ever, the compositions of the variations be 
tw een leaves and w ithin len\ es w ere slightly different The % ariation betw cen leaves 
w as considered to be made up of four parts, namelj , that contributed bj the differ 
ent plants, that contributed by the differences in leaf position, that contributed 
by the difference between right and left halves at two concentrations (this term in 
eludes the B* of Price and Spencer), and the residual error The variation nit m 
leaves was considered in the present case to be made up of onlv the quantitj dcsig 
nated by Price and Spencer as B* and the residual error 


This result is entirely consistent with the assumption that the infedious 
pnnciple and the protem are identical, but it does not nile out the possi 1 1 ) 
that they differ slightlj'’ with respect to sedimentation rate It is, how ei cr, 
possible to carr 3 ^ out expenments which w'lll define the maximum ^ 
difference betw een these two sedimentation rates If the protein is se 
mented until the boundary goes a small distance bej ond the bamerjan 
virus infectivity measurements on the contents of the top compa men^ 
then show only a trace of infectivity, it is possible to conclude wit i prac 
certainty that the sedimentation rate of the infectious principle is no ' 
much less than that of the protein Experiment II was carne on ^ 
such a manner, with virus Preparation A The 
allow ed to move 13 4 per cent bej ond the bamer Then the op 
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ment w is found to have retained onh about 0 1 per cent of its onginal 
infectu it} Vs w lii be show n later, this small amount of residual infec- 
tivit} is probably due to contamination Thus, it may be concluded with 
safet} that the sedimentation rate of the infectious principle could not have 
been less than SS per cent of that of the protein 

In order to obtain a i alue for 8% w Inch could not possibl} be exceeded by 
the true sedimentation rate of the infectious prmciple, Experiment III was 
earned out on virus Preparation B The boundary w as allow ed to migrate 
all but 15 per cent of the wa} to the barrier Protein anal}ses and infec- 
tivit} anal} ses, respective!} , showed that the material in the top compart- 
ment contained llandSper cent of the onginal These values do not agree 
as well as those of Experiment I, possibl} owmg either to less quantitative 
recover}' of the components of the top compartment or to shght inhomoge- 
neit} of x'lrus Preparation B Nevertheless, it is perfectly clear that, if the 
infectious prmciple had a sedimentation constant equal to or more than 
100/85 times that of the protem, all but a trace of the mfectivit} would 
have been behmd the barner Hence, tins experiment show s that the sedi- 
mentation constant of the mfectious pnnciple is almost certainl} not more 
than 17 per cent greater than that of the protem The last tw o experiments 
show that the sedimentation constant of the infectious prmciple could not 
be less than 88 per cent nor more than 117 per cent of that of the protein 

Experiment IV w as earned out to determme whether the small amount of 
infectmty remammg in the top compartment m Experiment II w as due to 
the association of a small amount of infectmty mth small particles or simply 
to contammation Virus Preparation B was centrifuged at a concentration 
of about 10 mg per cc m the separation cell until the protem boundary had 
migrated about 10 per cent beyond the barner The content of the top 
compartment w as removed and tested for inf activity relative to the onginal 
It w as then diluted 1 3 wth 0 1 M PO4 and subjected to an exactly compar- 
able run m the separation cell The loss of mfectivity of the content of the 
top compartment in this second run was also measured The fractions of 
mfectivity removed from the top compartment w'ere about the same for the 
two runs — about 99 per cent This result demonstrates that the small 
amount of mfectivity remaimng above the barrier w'hen the prmcipal pro- 
tem component is sedimented beyond the barner may be due largely to 
Unavoidable contamination and is probably not due to the association of a 
small amount of mfectivity with smaller particles 

DISCUSSION 

The fact that the sedimentation constant of the mfectious pnnciple 
agrees wnthin a probable error of ±6 per cent wnth that of the protein and 
could not possibly be less than 88 per cent nor more than 117 per cent of 
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that of the protein is excellent quantitative evidence in support of the 
assumption that the predominatmg protem particles m a tobacco mosaic 
virus preparation are actually the bearers of the infectmty This result 
IS perhaps the most precise quantitative correlation of the infectious prm 
ciple Mith the virus protem yet obtamed Nevertheless, these data do not 
eliimnate entirely the possibility that the infectious prmciple is associated 
with particles shghtly different from the predommating protem particles 
but present at too small a concentration to be detected by other than bio 
logical means They do narrow greatly the possibihties for such particles, 
houever For example, it has been shown that rod-hke particles having 
the same diameter but one-half the length of the predommating protem 
particles should have a sedimentation constant of about 145 Svedberg umts 
(12, 14) The data of this study mdicate that it is just barely withm the 
realm of possibihty that all of the infectivity of tobacco mosaic vims is 
earned by such half umts of the predominating protem particles, but that 
this situation is very unlikely due to the small probable error of the sedunen 
tation rate of the infectious pnnciple The present data exclude entirely 
the possibility that the infectious prmciple is borne solely by fragments of 
the predommatmg protem particles smaller than half size It has also been 
shown that particles obtamed by the end to end aggregation of two of the 
predommatmg virus protem particles should sediment with a rate of 204 
Svedberg umts (12, 14) The present data exclude enturely the possibihtj 
that virus infectmty is earned solely by such dimers of the predominatmg 


particles 

The question as to w hether any infectivity may be associated with fairly 
small particles requires further consideration If all of the residual mfec 
tivity m the upper compartment after the first centrifugation m Experiment 
IV had been due to small particles with sedimentation rates of the order of 
100 Svedberg units, it can be calculated that from 3 to 4 per cent of the 
infectious particles of virus Preparation B must have belonged to the smaller 
group, smee from one-third to one-fourth of such particles would have re 
mamed above the barner when the component with the sedimentation rate 
of 165 Svedberg umts migrated about 10 per cent beyond the barner, an 
smee about 1 per cent of the infectmty actually remamed behmd If f 
situation had obtamed, on the second centrifugation run in Expenment 
about 25 to 30 per cent of the infectivity should have remained above t e 
barner, for the startmg matenal would have been composed of a mos 
nothing except the small component Actually, only 1 per cent remame 
above Thus, at most only 3 or 4 per cent of the infectmty remaimn^ 
above the barner in the first sedimentation run could possibly have been u 
to small particles The bulk of it, if not all of it, must have been ue 
unavoidable contamination In the ongmal virus Preparation B, ere > 
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concidcnbh Ic'^s tlmii 0 1 pci cent of the mfectn iti could posbibly have 
been due to particles \\ ith a sedimentation rate of about 100 Svedbeig units 
E\ cn if all of the residual infectivit j in the top compartment in Experiment 
II had been due to material w itli a sedimentation rate of about 100 Svedberg 
units, onh a few tenths of 1 per cent of the mfectuita of Preparation A 
could possibK haa e been associated w ith this component It is unnecessary 
to assume that any infectu itj is associated w ith such a small component 
Particles with a sedimentation late of 100 Svedbeig units would correspond 
to protein spheres with a radius of about 11 m/i or with lods 15 X 37 mju 
Thus, the results of the present investigation are entireh at vanance with 
the basic considerations forming the background of a lecenth published 
opinion to the effect that the fundamental infectious unit of tobacco mosaic 
X irus IS a particle w ith dimensions of 15 X 37 mu (8), and the\ therebj lend 
support to Rawlins’ criticism of that opinion (19) 

The results obtained in the present studj' support the coiiclubion that the 
bulk of the infectious principle of tobacco mosaic virus i** firnilj associated 
x'lth the predominating iiucleoprotem particles Thex eliminate entirely 
the possibilitv that the bulk of the infectivity is associated w ith particles 
X ers much smaller or verj much larger than the predominating particles 
Finally, the present results are incompatible with the assumption that any 
more than a tiace of infectivitj is associated xvith particles small enough to 
hax e a sedimentation constant of about 100 Svedberg umts, and they are 
entirely consistent w ith the assumption that no infectivitx is borne bj such 
particles 


SUMMARY 

The sedimentation constant of the infectious pnnciple of tobacco mosaic 
xurus w as deteiimned in the ultracentnfuge x\ ith the aid of a separation cell 
It x\ as found to be the same as that of the virus protein w ithin a probable 
erior of 6 per cent It was found further that the maximum possible 
deviations of the sedimentation constant of the infectious principle from 
that of the protein xxere +17 per cent and —12 per cent This result 
strengthens greatly the case for believing that tobacco mosaic x'lrus infec- 
tivity IS a property of the nucleoprotein particles predominating in a virus 
preparation, and it eliminates entirely the possibilitj'^ that the sole earners 
of virus infectivity are particles any smaller than half the size of the pre- 
dominating particles 
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THE C\STEIXE, CYSTINE, \ND METHIONINE CONTENT 
OF PROTEINS 

C HESS AND M X SULLIVAN 

(From the Chcmo-iVcdtcal Research Inshtute, Georgetown Uniiersity, ashtngton) 
(Ucceivcd for publication, September 15, 1943) 

In the studj of the ej stine content of proteins over a penod of years (1), 
there have been onlj a few instances in which the hydrochloric acid hy- 
drolj sates of these proteins gai e any evidence for the presence of cj steme, 
possiblj because iihateier cysteine comple\es there may have been m the 
protem 11 ere oiidized during the preparation of the hydrolysate The 
muscle protems of meat and fish, tobacco mosaic virus protein, and some 
samples of egg albumin gai e mdications of the presence of cysteine There 
hai e been mani reports on the presence of SH groups attnbuted to cysteine 
in unhydrolj'zcd protein, both before and after denaturation by a inde 
vanetj of methods Numerous methods of determimng quantitatively the 
amount of SH groups present have been suggested Heffter (2) early 
shoiied that egg albumin, iihich gave no nitroprusside test in its native 
state, did so after coagulation by heat Many others have employed the 
nitroprusside test as a qualitative measure of SH groups Todnek and 
Walker (3) heated protein suspensions inth varying amounts of 2,6-di- 
chlorophenol indophenol, a dye iihich reacts sloiily in th protem SH groups 
at ordinary temperature This reaction, however, is not stoichiometric 
jMirsky and Anson (4) estimated the protem SH by means of the phospho- 
tungstic acid reagent of Fohn and Loone}' (5) applied to hydrolysates before 
and after ovidation of the SH groups by potassium ferncj amde or combma- 
tion 11 ith sodium lodoacetate Kuhn and DesnueUe (6) introduced the use 
of porphj nndm for the estimation of protem SH groups This method n as 
used by Greenstein (7-9) in a senes of studies of a number of proteins, 
both in their native state and when denatured inth urea or guanidine salts 
Hellerman, Chinard, and Ramsdell (10) and Hellerman, Chmard, and 
Deitz (11) have used the o-iodosobenzoate ion to determme the SH groups 
m egg albumm and urease These vanous procedures ii ould give positive 
results iiith any compound that contains an SH group, and it remams to be 
demonstrated that the reactions given by the proteins are actually due to 
the presence of cysteine complexes 

If the proteins contain both cystme and cysteme, it should be possi e o 
determme both of these ammo acids m acid hydrolysates Sullivan, Hess, 
and Howard (12) hai e desenbed a procedure for the separate determmation 
of cystme and cysteme m mixtures of these ti\ o ammo acids Bj the use 
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of this procedure, the cysteme yielded bj the protein can be determined 
follomng acid hydrolysis, provided there is no loss of cysteine dunng the 
hydrolysis The loss of cysteme is pnmanly associated with humm forma- 
tion Sulhvan and Hess (13) have employed titanous chlonde to preient 
humin formation in the acid hydrolysis of protem In the hydrolysis m the 
presence of titanous chlonde all of the cystine present is converted to cys- 
teme and no differentiation between cystine and cysteme ongmally present 
in the protem is possible The hydroly'sis of protem with 57 per cent hv- 
dnodic acid m the presence of potassium hypophosphite introduced by 
Baernstem (14), although having the advantage of diminishing humm 
formation, has a similar disadvantage in that all of the cy'stme is reduced to 
cysteine Brand and Kassell (15) have found that hydrolysis with 20 per 
cent hy'drochlonc acid in the presence of urea will reduce humm formation 
and permit the determination of cysteme in the hydrolysate By estuna- 
tion of the SH groups present before hydrolysis, and subsequent determina- 
tion of cystme and cysteme follow mg hydrolysis, it should be possible to 
arnve at some understanding of the relationship of protein cysteme to 
titratable protem SH groups At the same time methionine may be esti- 
mated and the distnbution of the total sulfur can be determined 

EXPERIMENTAL 

PTotctns — ^Nme different proteins from a vanety of sources were em- 
ployed All of the proteins were freshly prepared samples with one excep- 
tion and all of the analytical values obtained are expressed upon the 
ash- and moisture-free basis The values for the tobacco mosaic virus 
protein are based on the weight of a sample dned in a vacuum desiccator 
over phosphorus pentoxide 

Crystallme egg albumin was prepared by the method of Kekwack and 
Cannan (16) The solution of the egg albumin freed from sodium sulfate 
by' dialysis was reduced to a powder by evaporation under reduced pressure 
at 3° m a desiccator The residue was not denatured, smce it was com- 
pletely soluble m water Serum albumm was prepared from beef blood by 
the method of Kekwuck (17) The same method of diyung was employed 
The serum albumin likewnse w as not denatured Globm w'as prepared from 
calf blood by the method of Hamsik (18) The dialyzed solution was 
evaporated to dryness in a %'acuum desiccator over sulfunc acid The 
glycmm employed was prepared from defatted soy' bean meal according to 
the procedure of Jones and Csonka (19) The fraction precipitated from 
10 per cent sodium chlonde solution by ammonium sulfate at 55 per cen 
saturation was employed This fraction was reprecipitated several times 
and finally dialvzed free from salt The precipitated protein was remove 
by centrifugation and rapidly dned with alcohol and ether free from pcro\ 
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ide The dn protein M -IS soluble m dilute salt solution Amandm and 
ONCclsm Mere prepared by the method of Svedberg and Sjogren (20) and the 
cdcstin M as jircparcd bj a similai method Again all the salt-free dialj'sates 
were centrifuged and the proteins rapidh dned with alcohol and ether 
The\ verc all soluble m dilute salt solution Tobacco mosaic vmis protein 
was prepared b\ the Ross procedure (21) and was the same sample used bj 
Hess, Sullii an, and Palmes (22) Mj osm w as prepared from rabbit muscle 
ba the procedure of Grcenstcin and Edsall (23) The mj osin could not be 
dried w ithout denaturation , so, fbr all the expenments on the native mj o- 
sin, a potassium chlonde solution was used The concentration of mjmsin 
was determined ba estimating nitrogen m an aliquot and using 16 6 per cent 
as the nitrogen content of the maosin The dned myosin was prepared 
from this solution according to the procedure of Greenstem and Edsall (23) 
Squash seed globulin w as prepared b\ the method of Vickerj', Smith, Hub- 
bell, and Nolan (24) from Cucurbila maxima, vanety Golden Delicious 

Analytical Methods — The determination of the SH groups present in the 
unhj’drohzed proteins was made by an iodine titration accordmg to the 
Okuda method for cjsteme The aqueous or dilute salt solution of the 
protem was made to 2 per cent hydrochlonc acid and 2 5 cc of 4 per cent 
hjdrochlonc acid and 2 5 cc of 5 per cent aqueous potassium iodide were 
added The solution or suspension was cooled to 20° and titrated to a per- 
manent jellow color with m/ 600 potassium lodate that had been standard- 
ized against cysteine hydrochlonde similarly treated and the results were 
calculated as cj'steine It was found that the same %alue was obtained 
whether the titration was conducted in the presence of 8 mM guanidine 
hj drochlonde per cc of solution or in its absence The sulfhydrj 1 groups 
of proteins can be titrated by iodine w hether the protein is in the native or 
the denatured state Denatured proteins in general give a mtroprusside 
test that IS a puiphsh red color on the addition of sodium mtroprusside and 
ammonium hydroxide Proteins after short contact wath 2 per cent hydro- 
chlonc acid at 20° as previously desenbed do not give the mtroprusside 
reaction, although some change m solubility ma}”^ occur, a change which 
may be the mitial phasq.of denaturation Anson (25) has shown that natii e 
egg albumin, which does not give the mtroprusside test, can react with 
iodine despite the fact that it does not react wuth fernejamde or por- 
ph} nndin 

Hydrolysis of the proteins was earned out by three different reagents 
20 per cent hydrochlonc acid contaimng 100 mg of urea per cc , 20 per cent 
h^ drochlonc acid, and 6 n sulfunc acid It has been found that ordinarj 
c p 36 per cent hj drochlonc acid, after dilution to 20 per cent concentra- 
tion, frequently contains oxidizing matenal that renders the acid unfit for 
use as a hydrolyzing agent 20 per cent hvdrochlonc acid prepared bi dis- 
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tillation of the constant boihng acid is more satisfactory The hydroljsis 
m each case was conducted in a stream of mtrogen for a period of 6 hours in 
the first ti\o procedures and for 8 hours in the third All of the hydroly- 
sates were carefully brought to pH 3 5 by 5 n sodium hydroxide added 

Table I 


Cysteine, Cystine, and Methionine Content (Per Cent) of Proteins 


Protein 

20 per cent HCl 
+ urea 

20 per cent 
HCl 

6 N HiSOi 

Direct 

titration, 

cysteine 

20 per 
cent HCl 
aelhio- 
nine 

Cys* 

tetne 

Cys- 

tine 

Cys- 

teine 

Cys- 

tine 

Cys- 

tone 

Cy« 

tme 

Egg albumin 

1 37 

1 03 

0 97 

1 51 

1 42 


1 41 

5 07 

Serum albumin (bovine) 


S 76 

0 21 

5 92 

0 45 

5 70 

0 32 

0 45 

Globin (calf) 


0 46 

0 10 

0 47 

0 13 

WlmUm 

0 06 

0 87 

Glycinin (soy bean) 

0 33 

1 16 

0 23 

1 25 

0 33 

1 16 

0 39 

2 69 

Edestin (hemp-seed) 

0 32 

0 96 

0 24 

1 03 

0 28 

liWal 

0 52 

2 18 

Excelsm (Brazil-nut) 

0 16 

1 25 

0 10 

1 31 

0 14 

1 28 

0 17 

3 13 

Amandin (almond) 

0 00 

1 37 

0 00 

1 38 


1 32 


0 43 

Tobacco mosaic virus 

0 57 

0 11 

0 21 

0 47 

0 68 




Myosin (rabbit) 

1 07 

0 16 

0 94 

0 26 

1 12 


1 25 

4 03 

" “ dry 

0 00 

1 22 

0 00 

1 04 

0 22 



3 84 

Squash seed globulin 

0 49 



1 14 

0 35 


0 61 

2 39 


Table II 


Total Sulfur and Sulfur Distribution in Proteins 


Protein 

Tolil S 

Cystine, cysteine 
and jnetiiionlQe 5 

Pmeattfe nuo 


ptr cent 

per cent 


Egg albumin 

1 75 

1 73 

99 

Serum albumin (bovine) 

1 84 

1 71 

93 

Globin (calf) 

0 40 


85 

Glj cinin (soy bean) 

0 96 


99 

Edestin (hemp-seed) 

0 99 


82 

Excelsm (Brazil-nut) 

1 06 

! 1 04 

98 

Amandin (almond) 

0 44 

1 0 46 

105 

Myosin (rabbit) 

1 13 

1 19 

105 

“ “ dry 

1 13 

1 15 

102 

Squash seed globulin 

0 99 

0 86 

S7 


dropwise "ivith stirrmg, made to volume with 0 1 N hydrochlonc acid, an 
filtered In general there nas less humm formation following hydro j sis 
with 20 per cent hydrochlonc acid contammg urea than nith the 20 ““ 
hydrochlonc acid alone Cystme and cysteine were determined y ^ 
procedure of Sulhvan, Hess, and Honard (12) Methionine ivas e 
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mined bi llio method of IMcCarfch}^ and Siilhvan (26) Frequent!} it uas 
found tint the use of concentrated sodium hydroxide and subsequent 
acidification uith concentrated hydrochloric acid resulted m the formation 
of bubbles in the final stage of the reaction that rendered colorimetric 
estunation somewhat difficult The use of the following procedure obviated 
this difficult} to a considerable degree but did not give values differing from 
those obtained by the ongmnl procedure To 5 0 cc of the solution to be 
tested w ere added 1 0 cc of 5 n sodium hydroxide, 1 0 cc of 1 0 per cent 
aqueous glycine solution, and 0 2 cc of aqueous 10 per cent sodium nitro- 
prusside solution The solution was kept at 35° for 10 mmutes, and then 
chilled in an ice bath and 2 5 cc of 20 per cent hydrochlonc acid added 
After being shaken for several mmutes, the solutions are ready for colon- 
metne reading 

Total sulfur was determmed m the original protein, and, m some cases, 
m the h}drolysates bv the alkaline permanganate fusion of Pollack and 
Partansk} (27) 

Tlie values obtained upon the proteins are given m Tables I and II 

DISCUSSION 

All of the protems except amandin and the dned, denatured myosm con- 
tamed cysteme complexes In every' case in w hich the direct lodme titra- 
tion of the unhydrolyzed protein mdicated the presence of titratable SH 
groups, the hydrolysate of the same protem had a cysteme content of the 
same order of magmtude, although generally shghtly lower This shghtl} 
lower cysteme value is probably due to oxidation of the cysteme durmg 
hydrolysis, an effect more marked when the hydrolysis is conducted with 
20 per cent hydrochlonc acid alone than when 20 per cent hydrochlonc acid 
m the presence of urea or when 6 N sulfunc acid is employed 

The SH content of some of these protems, m the denatured state, has 
been obtamed by other investigators The values for egg albumm, calcu- 
lated as cysteme, have been tabulated by Greenstem and Jenrette (9) and 
range from 0 87 to 1 32 per cent The latter value is that reported by 
Hellerman et al (10) m 1941, while more recently Hellermaneial (ll)ha\e 
reported a value of 1 28 per cent These values are to be compared with 
that of 1 41 per cent cysteme reported here Anson and Stanley (28) 
titrated tobacco mosaic virus protem m guamdine hydrochlonde solution 
by several methods and give a value of 0 71 per cent cysteme The value 
reported m the present paper is 0 68 per cent ' Greenstem (8, 9, 29), usmg 
guanidme hydrochlonde as the denaturmg agent and porphyrindin as the 

^ Tobacco mosaic virus protein contains n very small amount of metbionine, 0 16 
per cent according to Ross (21), and since our supply of this protein was small meth- 
ionine and total sulfur detenmnations were omitted 
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titrating agent, found 0 50 per cent cj steme in edestui, 0 16 per cent in 
excelsin, less than 0 01 per cent m amandin, 1 19 per cent m rabbit mj osm, 
and 0 34 per cent m serum albumm These values are almost identical 
with those reported here In the globm field considerable i anation has 
been found m the total sulfur, C 35 tine, and methionine content of hemo 
globins (30) and of the globins (31) from different species In the calf 
globm, ue found httle c}’’steine, whereas Greenstem (8) found 0 56 per cent 
CJ steme m denatured horse globm It is mteresting that our i alue for the 
total C3 Stine and C3’steme content of calf globm is 0 58 per cent, practicalh 
identical uith Greenstem’s total cysteme value in horse globm denatured 
b 3 guamdme h 3 drochlonde In the case of m 3 >’osm, denatured and dried, 
all of the C 3 steme complexes were oxidized to C 3 stme complexes and are 
found as cystme after h 3 'drolysis As ma 3 ' be seen from Table I, the 
amount of C 3 ’'st€me found m the acid h 3 ’’drol 3 'sates of these proteins com- 
pares closely uTth the cysteme calculated by titration of the SH groups of 
the unh 3 drolyzed native proteins Accordingly it u ould appear that the 
SH groups thus titrated are present as C 3 'steme complexes vhich react with 
lodme as cysteme does This conclusion has some beanng on the mecha- 
nism of denaturation, a question that will be discussed m another paper 
Anson (25) m fact suggests that the groups which react watli iodine are 
either SH groups or groups which become SH groups when the protem is 
denatured 

The cysteme, cystme, and methiomne content of the proteins accounts 
for oxer 90 per cent of the total sulfur m seven out of ten proteins, with an 
a\ erage value of 100 1 per cent Three of the proteins, globm, edestm, and 
squash seed globulm, yield 85, 82, and 87 per cent respectively of the total 
sulfur as the sulfur-contammg anuno acids In the case of the globm, 
owmg to the small sulfur content, this dispant 3 '- may be more apparent than 
real It may be noted, how ever, that Beach, Bemstem, Hummel, Wilhams, 
and hlac 3 (31) find, b 3 ’- means of different procedures for anal} zmg for 
C 3 stme and methiomne, that these ammo acids account for about 87 per cent 
of the total sulfur of beef globm Smce the supply of edestm was limited, 
this problem w as mvestigated further wnth the squash seed globulin H} 
drotysis of the squash seed globulm with 20 per cent h 3 drochIonc acid 
yielded no hydrogen sulfide, nor was there anv sulfate m the hydro!} sate 
Hydrolysis with 57 per cent hy'dnodic acid m the presence of potassium 
hypophosphite and also hy'droly sis with an equal mixture of concentrate 
hydrochlonc and formic acids yuelded cystme and methionme accounting 
for 88 and 89 per cent of the total sulfur respectively' of the intact protem 
The sulfur was then determmed in the hydroly'sates resulting from t c 
hy'drolysis with the vanous acids, except 6 n sulfunc acid The average 
value from six determmations w as 0 874 per cent S, w hich is 88 2 per cen o 
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the tof 'll sulfur of the original protein determined bj' the same method The 
total sulfur of the squash seed globulin hj drolysate, however, is accounted 
for bj ej stcine, ci stine, and methionine Dunng hydrolysis there is a loss 
of 11 8 per cent of the sulfur in a form not yet accounted for Baernstem 
(32) found that in most proteins cj'stine and methionme explamed the total 
sulfur In the case of cdestin, honeier, he vas able to account for onl3 
85 6 per cent of the total sulfui as methionine and cystine Dunng h}'- 
drol} SIS 14 5 per cent of the sulfui ii as liberated as hj’-drogen sulfide This 
IS in contrast aiath the present observatioy that no hjdrogen sulfide ap- 
peared dunng the hj’drochlonc acid hj'drolj’sis of the squash seed globuhn 
In Baemstem’s procedure metly Imercaptan ansmg from methionme ould 
be converted to ha drogen sulfide, aihich Baernstem found In the hj^dro- 
chlonc acid hydrolj sis no hydrogen sulfide a\ ould be liberated from methyl- 
mercaptan In aieaa of Baemstein's accountmg for 100 per cent of the 
total sulfur and our accountmg for the total sulfur of the hydrolj'sate of the 
squash seed globuhn, it is not necessara to conclude that another type of 
sulfur occurs Rather the amlatile sulfur may be supposed to arise from 
ci'stme or ca steine, or more probablj from methionme by virtue of the tjqie 
of complev in the protein m question 
The relation of cystme, c} steme, and methionme sulfur content tu the 
total sulfur is gia en m Table 11 for the vanous proteins as determmed after 
h} drolysis avith 20 per cent hj'drochlonc acid 

srrMMARi 

The cj'steme, cystme, and methionme content of the proteins accounts 
for practicalty all of the total sulfur of the unhydrolyzed proteins m seven 
out of ten cases In three pro terns, calf globm, edestm, and squash seed 
globulin, the cysteine, cystme, and methionme account for respectively 85, 
82, and 87 per cent of the total sulfur of the unhydrolyzed proteins The 
sulfur-contaimng ammo acids, however, account for all of the sulfur m the 
hj'drolysates of the squash seed globuhn About 13 per cent of the sulfur 
IS lost durmg the hydrolysis of this globulin m a form not yet explamed 
As determmed by direct titration of the unhydrolyzed protem with lodme, 
the total SH found agrees with the cysteme determmed m the acid hj droly- 
sate of the same protem This finding mdicates that cysteme complexes are 
present m the native protem 
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THE DETERMINATION OF CYSTEINE AND CYSTINE BY 
VASSEL’S METHOD 

Br DALE K iMECHAM 

{From the ircstcm Regional Rctcarch Laboratory, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United Slates Department 
of Agriculture, Albany, California) 

(Keccivcd for publication, \ugu3t 23, 1943) 

Yasscl’s method* for the determination of cysteme depends upon the 
deielopment of a blue color bj' reaction mth p-aminodimethylamhne, 
feme iron, and me A separate preparation of the cysteme reagent is 
required for each sample We have found it more convement to replace 
these mth aliquots of a smgic large preparation, thereb 3 '' also chminatmg 
the differences vathm a senes resultmg from \anatioiis m the color-produc- 
mg capacitj’ of the separate preparations Furthermore, vanations be- 
ta een the larger lots of reagent a ere decreased a'hen the feme iron solution 
a as first reduced aath zme and then combmed aath the p ammodimethyl- 
amiine solution More precise results have been obtained by the use of 
these modifications 

For the detennmation of cj'steine plus cjstme by the modified procedure, 
the reduction of cj stme requires an additional separate step but results of 
mcreased precision are obtamed 

Unsatisfactory results a"ere obtained auth Vassel’s procedure for c} steine 
plus C 3 Stme a hen detergents (of the alkjd sulfate or alkylaryl sulfonate 
types) acre present in samples of keratin derivatives The modified 
procedure gave as consistent results as a ere obtamed in the absence of the 
detergents (Table I) 

EXPERIMENTAL 

The reagents conformed to Vassel’s specifications In addition, granu- 
lated zme (30 mesh, reagent grade) a as used 

A photoelectric colorimeter (Wilkens- Anderson IvV SZ) fitted aath 
filters giving maximum transmission of light at 5800 to 5900 A a as used 
to measure the intensity of the blue color developed As Vassel reported, 
the final concentration of zme affects the intensity of the blue color ob- 
tamed With the procedures to be described, 330 mg of zinc a ere used m 
each detennmation, or tauce the quantitv used by Vassel The mcreased 
amount gave mtensities of color more suitable for measurement in the 
colorimeter 

Preparation of Cysteme Reagent— The folloamg preparation is sufficient 
for nme separate determinations, larger or smaller amounts can be prepared 

* Vessel, B , J Biol Chem , 140, 323 (1941) 
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similarlj To 20 ml of feme ammonium sulfate solution m a flask fitted 
mth a condenser, add 1 00 gm of zinc dust and let it react for 10 minutes 
•mth occasional shaking Add 2 30 gm of granulated zme and 30 ml of 

Table I 


Detemunattons of Cysteine Plus Cystine on Hydrolysates of Keratin Detergent 
75 mg of keratin plus 10 mg of Nacconol NBSF 


i 

Keratin , 

I*er cent cysteine p!us Qrstine m leratm 


\ assess procedure 

Modified procedure 

Human hair 

" " treated j 

14 3, 16 2, 17 0, IS 0 

15 7, 16 0, 15 7, 15 3 

with NaHSOj and urea 

15 0, 12 8, 12 3, 12 8 

1 13 5, 13 5, 13 5, 13 5 

Chicken feathers 

ft ti 

treated with NaHSOj 

6 7, 5 9, 6 5, 6 7 

6 8, 6 9, 6 6, 6 6 

i 

and urea 

6 3, 5 5, 5 7, 5 9 

6 0, 6 0, 6 1, 6 1 


Table II 

Determinations of Cysteine Plus Cystine on Hydrolysates of Feathers and Hoof 
Containing Added Cystine 



Hydrolysate* 



Cysteine 

p^us 

cystme 

from 

hydrolysate 

Added 

cystine 

Total cysteme plus 
cystine 








Feathers 

1 ml 

diluted to 5 

ml 

mf per ml 

0 041 

mt per ml 

0 050 

mi per ml 

0 091 

ng ptrni 

0 0S7 


1 “ 

t< 

“ 6 

** 

0 041 

n Tn 


0 136 


1 “ 

fi 

“ 5 

41 

0 041 

B IS 

Bl 2 I 

0 18a 


2 " 

41 

“ 5 

44 

0 082 

B ^11 

Bl 

0 132 


2 “ 

14 

“ 5 

44 

0 082 

B nn 

Bl 

0 182 

Hoof 

1 “ 

44 

“ 5 

44 

0 036 

B IjSI 

Bl 

0 0S6 


1 “ 

44 

“ 5 

44 

0 036 

B fS 

» 

0 139 


1 “ 

44 

“ 5 

44 

0 036 

m fSB 

Bl B 

0 191 


2 “ 

44 

“ 5 

44 

0 072 

0 050 j 

Bl B 

0 123 


2 “ 

44 

“ 5 

II 

0 072 

0 100 1 


0 173 


* 75 mg of keratin hydrolyzed in 6 25 ml of HCl HCOOH reagent, diluted to 
ml with 5 N HCl 


p-aminodimethjdaniline solution and, after an additional 10 minutes, hea 
the preparation m a boiling water bath for 25 minutes Cool and filter 
Preparation of Cysteine Plus Cystine Reagent — Use only 2 00 gm o 
granulated zinc, othennse follow the procedure for preparation of t e 
cysteine reagent Less zinc is used here to allow for the zinc dissolve m 
the samples The final concentration of zinc m the sample plus reagen 
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IS then the same for c^ stcine and cj stemc plus cystine determinations, per- 
mitting the use of the same calibration curve for both 
Rcductwn of Ci/shncfor Cysteine Plus Cystine Delenninalions — To 5 ml 
of hj drolj sate (or A' ml diluted mth acid' to 5 ml if necessarj’^ to reduce 
the cj stcinc plus cj stinc concentration belon 0 2 mg per ml ) in a test-tube, 
add 150 mg of zinc dust Loosclj' stopper the tube and allon to stand 
Mter most of the zinc is dissolved, earefully tilt and rotate the tube to 
dissoh e anj zinc remaining on the n alls of the tube 
Completion of Determinations — 1 ml samples of unreduced or reduced 
hjdrolysatcs are added to 5 ml portions of cysteine reagent or cysteme 
plus CJ stinc reagent respcctuclj m 15 X 150 mm test-tubes, and the 
reagent and sample are mixed Determinations are then completed as 
desenbed bj Vessel, begiiming \nth the addition of 3 ml of feme am- 
momum sulfate solution 

A number of separate determinations nere run on cystine solutions of 
knorni concentration For tventj' determmations (not more than two 
■mth a single reagent preparation) the average deviation from expected 
■values was ±1 4 per cent for the modified procedure and ±2 6 per cent 
for the Vassel procedure Vassel reported ±3 per cent as the average 
variation of tnpheates from their mean 
Similar results v ere obtamed mth cj steine 

Cj'steme plus cystine determinations on hydrolysates of feathers and 
hoof contaimng added cystine are reported m Table II Hydrolysates of 
feathers n ere found to react more rapidly inth zinc dust than hydrolysates 
from other keratms, the values m Table II were obtamed on samples that 
were allow ed to react onlj’’ 25 minutes The values on hj’'drolysates of hoof 
were obtained on samples that had reacted 60 minutes 

STTMAIABI 

Increased precision in the determinations of cysteme and cysteme plus 
cystme, particularly in the presence of detergents, has been obtamed by 
modification of some details of Vassel's procedure 




^ASSIMILATION OF CAFBON DIOXIDE BY THE ISOLATED 
MAMMALIAN HEART* 

Br VICTOR LORBER.f ALLAN HEMINGWAY, and A O NIER 

(From the Departments of Physiology and Phystes, University of 
Minnesota, Minneapolis) 

(Received for publication, October 11, 1943) 

The demonstration by Wood and coworkers that CO 2 can be assimilated 
by the heterotrophic bactena (1, 2) was followed by studies from their 
oivn and other laboratories show mg that the tissues of higher animal forms 
(including mammals) are capable of fixing CO 2 (3-6) 

IWien fasted rats are fed glucose or lactate, and mjected with isotopic 
COj as bicarbonate, the gljmogen laid down m the liver contains appreciable 
quantities of the tagged CO 2 carbon Smaller amounts appear m the 
skeletal muscle (5, 6) That CO. carbon can m some way be incorporated 
mto the glycogen molecule by the liver is evident from these and other 
studies (3) How’ever, whether muscle tissue can cany out this process 
mdependently or must rely on the liver for the imtial fixation is a question 
which cannot be answered by studies on the mtact animal Accordingly, 
the problem was mvestigated in the completely isolated cat heart 

Methods 

Experiments uere earned out with the completely isolated cat heart, by 
means of a modification of a techmque previously desenbed (7) The open 
OKj^genator was ventilated for a penod of about 15 mmutes with a brisk 
stream of pure oxygen to reduce the blood C02 content The respiratory 
circuit w as then closed for the rest of the experiment, usually 1 J hours To 
the respiratory gas was added enough CO 2 contaimng approximately 9 per 
cent C'^ to bnng the imtial level of CO 2 to 4 to 5 volumes per cent The 
soda lune chamber was omitted, and a large spirometer substituted for the 
small one ordmanly used The total gas volume of the system remamed 
fairly constant throughout, and was fixed at such a magmtude that as CO 2 
accumulated its concentration rose by no more than 1 to 2 volumes per cent 
This was checked bj'' analysis 

Dunng the course of an experiment, C” was also added to the blood m the 

* Assistance in the preparation of these materials was furnished by the personnel 
of the Work Projects Administration, Official Project No 165-1-71-440, Sub-project 
No 392 

t This work is part of a thesis submitted to the Faculty of the Graduate School 
of the University of Alinnesota by Victor Lorber in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy 
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form of a carbonate-bicarbonate solution containing approximately 1 nni of 
CO 2 (9 per cent C“) per cc About 4 to 5 cc of solution were injected, being 
first diluted 1 1 with Rmger’s fluid and then administered slowly in four or 
five equally spaced doses In one experiment m which measurements w ere 
made, the blood pH rose from 7 2 to 7 5 as a result of the added alkali 
Five expenments were earned out In two, glucose and sodium lactate 
were added to the blood, m one, glucose, and m two, glucose and insulin 
These measures were taken in an effort to favor glycogen deposition (8-10) 
At the close of an experiment the heart was rapidlj remoi ed from the 
perfusion sj^stem and the cardiac glycogen isolated according to the method 
of Good, ICramer, and Somogjri ( 11 ) Hydrolysis was earned out with x 
H 2 SO 4 and glucose determined on an aliquot wuth the Shaffer-Hartmann 
reagent The remainder of the glucose was oxidized to CO- bj the method 


Table I 

CO Fixalion in Tissue Glycogen in Cardiac Muscle 
C‘VC'’ X 100 = 1 100 w as used as a standard 


Expertmeat 

No 

Procedure 

Cardiac 
gl> cogeo* 

c» 

^.XIOO 

m cardiac 
gl) cogen 

rtreent 

cardisc 
glywcra* 
ctmtiHiiog 
COi orbon 

1 

Control glycogen analysis 

mm 

Wm 


2 

“ “ “ following in 

vitro contamination with C“ 




3 

-1- glucose and lactate 

BH 


9 

4 

II ^ II H II 

BH 


14 

5 

'' -1- “ lactate, and insulin 


lisi 

24 

6 

" H- " and insulin 



27 

7 

<< ^ II II II 

151 

m 

14 


• Expressed as mg of glucose per 100 gm of heart muscle 


of Van Slyke and Folch (12) and analyzed for its C“ content with the mass 
spectrometer (13) The isotopic carbon was prepared accordmg to the 
method desenbed by Nier (14) The CO: content of the NaOH used for 
collectmg the gas evolved from the combustion of glucose was determined 
m the manometne Van Slyke apparatus, m order to correct for dilution of 
the sample bj CO: of normal isotopic content 
A control sample of heart muscle was heavily contaminated in mtro wit 
C'* (carbonate-bicarbonate solution) to test the efiScaci of the gjlcogei 
isolation in elinunatmg CO: present m inorganic form 

Results 

The results of all expenments are presented in Table I It will be noted 
that m the glycogen from all of the expenmental hearts the abundance 0 
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C* IS sigmficantlj liighcr lliaii the \a!ue for naturally occurnng carbon 
(around 1 1 per cent for inorganic carbon, and 1 06 per cent for carbon from 
animal sources) The small difference noted betneen the uncontammated 
and contaminated controls (Experiments 1 and 2) may indicate failure to 
renioi c the added C” complcteh , but certamly shons that the method nas 
adequate, particularh since combustion was earned out directlj on the 
gh cogen in the control expenments, and on the acid hydrolysate m the 
others 

The fraction of the total cardiac gh cogen containing CO. carbon mai be 
roughlj estimated from the abo\e results Assuming that 1 molecule of 
CO. is utilized for each molecule of glucose deposited as glycogen, the per- 
centage of the cardiac glj cogen contaming C’ can be readily calculated If 
it is further assumed that the normal CO 2 and isotopic CO react m propor- 
tion to their respectn e concentrations, approximate values for the fraction 
of the total cardiac glj cogen into which CO* carbon has been incorporated 
may be arrived at In makmg the calculations, the value for the ratio of 
the concentiation of C'’ to C" has been set at 1 13 This is based on 
average figures for perfusion blood xolume, blood bicarbonate, and added 
C” In this wa}', the fraction of cardiac glycogen contammg CO: carbon 
has been found to range from 9 to 27 per cent These figures are particu- 
larh sinking when one considers the length of the experiments, Ij hours 
(In the calculations, the abundance of C® from inorgamc sources has been 
used as the normal, thus adding to the sigmficance of the results ) 

DISCUSSION 

These results are of interest m a number of connections They show that 
CO: fixation in tissue glycogen occurs in mammahan cardiac muscle as well 
as in hver, and suggest that it is a fundamental reaction in carbohj'drate 
metabolism 

Considering the similarity of the results obtamed w ith and w ithout added 
insulm, and the relatively low total gh cogen values observed, it seems fair 
to conclude that the glycogen of w orking cardiac muscle is constantlj’’ being 
broken dow n and reconstituted, a view previously expressed by Cruickshank 
on the basis of other evidence (15) 

SUXIMARY 

Completeh isolated, wmrking, mammalian cardiac muscle fixes CO: 
carbon m the tissue gh cogen 

The possible significance of this observation is indicated 

It IS a pleasure to acknowledge the many invaluable suggestions made by 
Dr M B Visscher 
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INHIBITION OF BRAIN RESPIRATION BY PICROTOXIN 

Bt J RAYMOND ICLEIN 
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(From the DepartmenU of Psychiatry and Physiological Chemistry, University 
of Illinois College of Medicine, Illinois Neuropsychiatne 
Institute, Chicago) 

(Received for publication, September 7, 1943) 

Altliough the stimulatory efifcct of picrotoxin on the central nervous 
S 3 'stem is ell knoim, there is httle information concermng the effect of the 
drug on the metahohsm of bram It has been stated (1, 2) and demed (3) 
that the convulsions mduced by picrotoxm result m a decrease m the 
concentration of cerebral glycogen The concentration of lactic acid m 
hram w as found to increase dunng convulsions to an extent presumably not 
attnbutable to the mcreased muscular activity (4) The oxygen tension 
of the cerebral cortex decreases just pnor to the onset of the mcreased 
electneal activity mduced by picrotoxm and other convulsant drugs (5) 
This decrease m oxj'gen tension suggests that a change m cerebral metabol- 
ism occurs just pnor to the onset of the convulsive state 

In the present work it uas found that the respiration of a cat bram 
preparation and the oxidation of glutamate, sucemate, fumarate, and 
pjTuvate by the preparation m mtro were inhibited by picrotoxin 

Methods and Materials 

The bram was prepared as follows A cat was lolled by a blow on the head 
and decapitation The bram was removed and homogemzed with 30 ml 
of 0 04 M potassium phosphate, pH 8 0, contauung 0 02 m magnesium 
chlonde, and then squeezed through muslm The pH of the mixture was 
about 7 0 In all experiments 1 ml of this preparation and 0 2 ml of 
substrate solution or water were diluted to a final volume of 2 ml ivith a 
solution that contamed enough of the followmg substances to give the final 
concentrations mdicated 0 08 m mcotmamide, 0 0012 m diphosphopyndme 
nucleotide, 0 0008 m thiamine pyrophosphate, 0 0016 m sodium fumarate, 
0 0012 M adenosme triphosphate, 0 036 m sodium fluoride, and 0 024 m 
potassium phosphate, pH 8 0 The pH of the final preparation was about 
72 

The purity of the diphosphopyndme nucleotide was 0 5, as estimated 
from mcotuuc acid and phosphate analyses, of the adenosme tnphosphate 
0 95, as mdicated by total phosphate and phosphate hydrolyzable m 7 
minutes by 1 m hydrochlonde at 100° The thianune pyrophosphate was 
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supplied by Merck and Companj , Inc The picrotoxin, -nhich nas usually 
added to the experimental mixtures as the solid, was obtained from the 
Inland Alkaloid Company 

The oxygen uptake of the brain preparations and the oxidation of the 
substrates employed were followed manometncally at 37° in air with the 
usual Warburg apparatus Inorganic phosphate (6), lactate (7), and 
fructose (8) were estimated colonmetncally Phosphoglycerate was 
assayed as acid-soluble phosphorus not hydrolyzed in 180 mmutes by 1 x 
sulfunc acid at 100° Bisulfite binding was used as a measure of p)- 
ruvate (9) 

Effect of Picrotoxin on Respiration of Brain — The data m Fig 1 illustrate 
the inhibitory effect of picrotoxin on the oxygen uptake of the brain prep 



Fio 1 Inhibition of oxygen uptake of brain by 4 X ICT* m picrotoxin The cod 
tinuous and broken lines represent the uptake without and with picrotoxin respcc 
tively Curves 1, uptakes of tlie brain preparation described in the text, Curves 2, 
uptakes of the same preparation without adenosine triphosphate, Curves 3, uptakes 
without adenosine triphosphate and fluoride 

aration under vanous conditions In the absence of fluonde the extent of 
inhibition remained relatively constant at about 15 per cent In the 
presence of fluonde alone and with fluonde plus adenosine tnphosphate the 
extent of inhibition reached a maximum of about 35 per cent, but changed 
wuth time With adenosine tnphosphate and fluonde the maxunuin 
inhibition developed earlier than with fluonde alone The extent o 
inhibition in other experiments was of the same order, and the times a 
which maximum inhibition developed were relatively the same 
The following considerations give some mdications concerning the su 
stances bemg oxidized in the preparations and permit a limited localization 
of the inhibitoiy effect of picrotoxm The respiratory quotient “ 
without fluonde was 0 90, indicating that the oxygen uptake was ue, 
least in part, to oxidation of carbohydrate In such preparations, ow eve , 
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a considerable fraction of the oxygen uptake may be due to oxidation of 
non carbohj dratc substances (10) Fluonde affects the oxidation of 
carbohydrate in part by preventing the further conversion of phospho- 
glj cerate, and might be expected to limit the oxygen uptake to that 
requued for the oxidation of tnosc phosphate, preformed lactate and 
pyrua-ate, and possibly hexose monophosphate Oxygen uptake due to 
oxidation of lactate and pyruvate can be disregarded, since the complete 
oxidation of the initial amount of these substances in the preparations con- 
taimng fluonde accounts for less than 5 per cent of the oxj^gen uptake 
Adenosine tnphosphate is required for the phosphorylation of carbohydrate 
that precedes oxidation and might be expected to increase the rate of forma- 
tion of hexose and tnosc phosphate, wth a consequent increase in rate of 
oxj gen uptake In agreement mth these possibilities, the data in Fig 1 
mdicate that fluonde limited the oxygen uptake and that adenosine tn- 
phosphate increased the initial rate of uptake It seems reasonable to 
assume, therefore, that the oxygen uptake of the preparations containing 
fluonde v as due m part to an oxidation of tnose phosphate Compatible 
mth this assumption is the fact that phosphoglycerate accumulated in the 
preparations contaimng fluoride Therefore, the inhibitory effect of 
picrotoxin on the oxygen uptake of the bram preparation may be due m 
part to inhibition of the oxidation of tnose phosphate 
Oxidation of tnose phosphate m tissue preparations depends upon 
phosphorylation for the formation of hexose diphosphate, the immediate 
precursor of the tnose Phosphorylation is coupled mth the conversion 
of the imtial product of oxidation, diphosphogly cerate, to phosphoglycerate 
(11) Inhibition of tnose phosphate might be effected, therefore, through 
mterference ivith phosphorylation The data in Table I show that picro- 
toxin inhibited the phosphorylation of glucose, as indicated by the de- 
creased removal of morganic phosphate and decreased formation of fruc- 
tose The data also show that the phosphorylation was quantitative! 
more sensitive to the presence of picrotoxin than the oxygen uptake 
Oxidation of Pyruvate — Fig 2 illustrates the effect of picrotoxin on the 
oxidation of pyruvate by the brain preparation The extent of mhibition 
w as apparently greater with the preparation without fluonde and adenosine 
tnphosphate Comparison of the data in Fig 2 wath the oxygen uptakes 
of the controls which are given in Fig 1 shows that an appreciable increment 
in oxygen uptake m the presence of pyruvate was not obtained until the 
rate of uptake in the control had decreased considerably Therefore, it 
appears that the inhibition obtained may have been due only to a delay m 
the oxidation of the substrates in the control In order to test this possi- 
bihty, an experiment w as earned out in which pyruvate and picrotoxin w ere 
added after the control uptake had decreased to a comparatively slow rate 
The data obtamed are given in Fig 3 
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The data show that picrotoxin inhibited the oxidation of pyruvate when 
the rate of the control uptaie was relatively small, and the effect of picro- 
toxm on the control rate w as neghgible Therefore, the effect of picrotoxin 
on the rate of oxidation was pnmaiy’, r c , the effect was not due to a com- 
petition between pyruvate and the preformed substrates m the control for 
the necessary enzyme systems 

The pattern of pyruvate oxidation did not seem to be affected bj picro- 
toxm This was indicated by the same R Q values m the presence and 
absence of picrotoxm, the values obtained, 1 3 to 14, bemg somewhat 
higher than the theoretical 1 25 for complete oxidation of pyruvate The 
inhibition of oxidation was probably not due to diversion of the pyruvate 

Tabm I 

E^ecl of 5 X 10~* if Picrotoxin on Phosphorylation of Glucose by Brain 
The preparation of brain used is described in the text The concentration of 
glucose was 0 02 m The mixtures, after incubation in air for 65 minutes, were 
treated with 1 ml of 2 m trichloroacetic acid, diluted to 10 ml , and then filtered 
The filtrates were analyzed colonmetricallj for inorganic phosphate and fructose 
The fructose found is presented in terms of fructose-1, 6-diphosphatc (12) 


Expenmest 

No 

Conditions 

Oxygen 

uptake 

Deertwe m 
morganic 
phosphate 

Fonsation of 
fructose 
diphosphate 



mteroneJes 

micrmota 

mermeta 

1 

Control 

19 

11 

0 


“ -f- picrotoxm 

11 

7 

0 


Glucose 

18 

72 

23 


“ + picrotoxm 

13 

27 

3 

2 

Control 

13 

10 

0 


“ -f picrotoxm 

8 

1 

0 


Glucose 

12 

59 

17 


" -f picrotoxm 

9 

14 

0 


mto non-oxidative channels, smee the amount of pyruvate remauung after 
the experiments was mversely proportional to the amount disappearmg due 
to oxidation 

Among other substances, oxidation of pyruvate by pigeon bram is e - 
fected by adenosme-5-phosphates, fumarate, and diphosphopyndme nuc ^ 
tide (13) Data showmg the effect of adenosine tnphosphate, diphosp o- 
pynine nucleotide, and fumarate on the inhibition of pyruvate oxi a on 
by picrotoxm are given m Fig 4 Neither nucleotide changed ® 
of inhibition Fumarate decreased the extent of inhibition from 4 o 
per cent Although fumarate did not mcrease the rate of f. 

absence of picrotoxm m alt experiments, it did mcrease the rate o oxi a 
in the presence of picrotoxm 
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It may be pointed out that the evidence for participation of the pyndme 
nucleotide m pyruvate oxidation as an oxidant is eqmvocal, since it was 
found that the nucleotide could serve as a substitute, but not as a supple- 
ment, for the adenosine phosphate (13) Companson of the data m Figs 
3 and 4 and the results of other experiments indicates that the rate of oxida- 
tion of pyruvate bj’’ the brain preparation ivas not limited by the concen- 




Fio 2 Fig 3 

Fio 2 Effect of 4 X 10"’ m picrotoxin on the oxidation of pyruvate by brain The 
data given represent the differenees between the oxygen uptakes with and without 
0 01 II pyruvate The eontinuous and broken lines represent uptakes without and 
with pierotoxin respectively Curves 1, the brain preparation described in text, 
Curves 2, the same preparation vnthout adenosine triphosphate, Curves 3, the 
preparation without fluoride and adenosine tnphosphate 

Fio 3 Inhibition of pyruvate oxidation by 4 1 X lO"’ M pierotoxin The oxida 
tion of 0 01 M pyruvate is represented by the differences between the oxygen upta es 
with and without pyruvate The continuous and broken lines represent upta es 
without and with pierotoxin respectively Curves A and C, the preparation de 
scribed in text. Curve B, with pierotoxin added at 90 minutes. Curves 1, with pyru- 
vate and pierotoxin added at 0 minutes. Curve 2, with pyruvate added at 0 minutes, 
pierotoxin at 90 minutes. Curves 3, with pyruvate and pierotoxin added at 90 minutes 

tration of adenosme tnphosphate The data in Fig 4 show that diphos- 
phopyndme nucleotide m the presence of excess adenosine phosphate 
mcreased the rate of oxidation of pyruvate This signifies that diphosp o- 
pyndme nucleotide serves as an oxidant m the oxidation of pyruvate 
It appears then that picrotoxm inhibits the oxidation of pyruvate j 
bram, and that the inhibitory effect may be upon fumarate catalysis The 
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effect of picrotoxin on pyruvate oxidation maj account in part for the 
inhibition of the respiration of the brain preparations alone 
Oxtdalton of Glutamate, Sucanate, and Fumarate — Data illustrating the 
effect of picrotoxin on the oxidation of glutamate, succinate, and fumarate 
b}" the brain preparation are given in Fig 5 In this expenmentthe 
extent of inhibition at 50 and 100 minutes uas practically the same for all 




Fro 4 


Fia 5 


Fic 4 EfTccl of dipliosphop) ridine nucleotide nnd fumnratc on the oxidation o 
pyruvate Tlir brom preparations Mere made ns described m the text One p 
■nas incubated aerobieallj 215 minutes nnd the other (B) was incubated 120niinu os, 
at which times the substances indicated were added in sufficient amount to increase 
the initinl concentrations to the concentrations given The concentration o pjru 
rate n as 0 01 m The oxidation is represented by the difTerences betw cen the 
uptakes with and w ithout pj ruvntc The continuous and broken lines represen 
uptakes without and with 4 1 X lO'* m picrotoxin Curves 1, 5 X 10* M mpnos 
phopjndine nutIcot.de, Curves 2, with and without 3 X 10-=' m adenosine tnphoa 
phate, Curves 3 and 4, w ith and w ithout W’ xi fumarate respcctivel> 

Fig 5 Effect of 4 1 X lO'* m picrotoxin on the oxidation of glutamate, ’ 

and fumarate, b\ brain Tlie concentration of substrates w as 0 01 at 1 he p P 
tion described in the text was incubated 125 minutes before 
strates The continuous and the broken lines represent the up a c p g-p 
wath picrotoxin rtspectivelj Curves G, glutamate, Curves S, succina , > 

fumarate 

of the substrates The effect of p.crotoxin depends upon 

of brain used As indicated previously for pyruvate (Fig ) ^ 

extentofoxudationof these substratesaremcreased markedly m the P 

of fluonde and ndenos.nc tnphosphate 

substances the oxidation of glutamate, as forma- 

carbon dioxide, and ammonia production, appears to P ^ (he 
tion of fumarate Likewse the oxidation of succinate, 
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o\•^gcn uptake and estimation of residual succinate by oxidation ivith 
■\\ ashed muscle (14), stops m ith the formation of fumarate The oxidation 
of glutamate and succinate under these conditions was not appreciablj 
affected bj picrotoxin The r q for the oxidation of these substances by 
brain preparations contaimng fluoride and the adenosine phosphate indi- 
cates complete oxidation Therefore, it appears that the effect of picro- 
toxin on the oxidation of glutamate and succinate w'as probablj due to an 
inhibition of the oxidation of fumarate 

DISCUSSION 

It IS not possible to state whether the inhibition of brain respiration in 
nlro IS concerned in the stimulatory effect of picrotoxin in vivo The 
effective comailsive dose of picrotoxin for cats is of the order of 5 X 10~’ 
nixi The concentration of the drug at the site where it produces its effect 
IS not knowTi Under the conditions of the experiments described the dose 
indicated wull inhibit the oxidation of pyruvate and fumarate b\ 0 5 gm 
of brain to the extent of 50 per cent 

SUMMARY 

The respiration of a cat brain preparation and the oxidation of glutamate, 
sucemate, fumarate, and pyruvate bj' the preparation in vitro was inhibited 
by picrotoxin The effect of the drug on glutamate and succinate was 
probably due to an inhibition of the oxidation of fumarate or pyruvate, 
rather than upon the first stages in the oxidation of the former substances 
The effect of picrotoxin upon the oxidation of pyruvate mav ha\ e been due 
to inhibition of fumarate catalysis, since fumarate decreased tbe extent of 
inhibition 

The laboratory is indebted to Merck and Company, Inc , for the thianune 
P3Tophosphate used in these experiments 
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PREPARATION AND ANTIGENIC PROPERTIES OF 
A CRYSTALLINE LABELED ANTIGEN 

Bi B/imiAN K SHAHROKH 

(From the Dcparlmcnl of Bacteriology, University of California, Berkeley) 
(Received for publication, August 2, 1943) 

In certain tj pcs of studies in the field of immunology there is a need for 
a labeled antigen which can be easil 3 '- prepared and punfied Artificially 
conjugated proteins have been used as labeled antigens, but the methods 
used for their purification have not been very satisfactoiy Therefore, it 
w as thought advisable to investigate the possibilities of preparing a trace- 
able protein which could be punfied by crystallization A number of 
evpenments w ere earned out with lodoalbumins of low iodine content and 
it was found that lodinated horse serum albumin contaimng less than 4 4 
per cent iodine could be crj'stalhzed In this paper the methods of prep- 
aration and cr 3 ’stallization, as well as the antigemc properties of this 
artificiallj conjugated protem, are discussed 

Preparation of Cryslalltzahle lodoalbumin 

Preliminary expenments indicated that the rate of oxidation and lodina- 
tion of albumin bj' iodine is dependent on four factors (1) the ratio of 
added lodme to mtrogen, (2) the concentration of protem (for the same 
ratio of added iodine to nitrogen, lower lodmation and oxidation values 
are obtamed wnth protein solutions of higher concentrations), (3) the 
temperature of incubation (greater oxidation values are obtamed when 
higher temperatures are used for incubation), and (4) the penod of incuba- 
tion 

It was found that albumm crystalhzed three times would give satisfactory 
and constant results The albumin was crystalhzed according to the 
method of Hopkins as modified by Young (1) Recrystalhzation was 
earned out accordmg to the method of Adair and Robmson (2) The 
crystals were then centrifuged and dissolved m phosphate buffer at pH 
6 5, and dialyzed against distilled water m a rocking dialyzer for 24 hotirs 
Nitrogen determmations were made on the protem, and the mtrogen con- 
tent was brought to 1 5 mg of N per ml by the addition of phosphate 
buffer' and water 

‘50 gm each of anhydrous disodium hydrogen phosphate and potassium dihydro 
gen phosphate were dissolved in SOO 0 ml of w ater and filtered The pH of t is 
solution as determined with the aid of the glass electrode was found to be 6 54 or 
experimental purposes, 20 ml of this buffer were used per 100 ml (final volume) o 
the albumin and control solutions 


659 



660 


CRTST-VLIilNE lUABELED ANTIGEN 


10 ml of jodme m potassium iodide solution nere added to 100 ml of 
buffered albumm solution uhich had been cooled to 5° Fig 1 shows the 
concentrations of iodine which should be used for obtauung lodoalbumins 
of desired iodine contents Phosphate controls were nm at the same time 
Glass-stoppered bottles were used in the preparation and the mixtures were 
left at 5° for 15 hours lodometnc titrations were made on 5 ml samples 
of both control and albumm solutions and the free lodme m the main 
reaction mixture w as reduced bj the addition of sufficient saturated sodium 
thiosulfate solution The lodoalbumm was then precipitated hi the 
addition of an equal \ olume of saturated ammomum sulfate solution and 
enough 10 per cent acetic acid to make it distinct]} turbid The mixture 
was left m the ice box for 2 to 3 hours, after which the precipitate was 
centrifuged and dissoh ed m 100 ml of 0 3 m sodium acetate To this was 



nc IODINE USED PER HO 
MC.AUBUH1N 

Fig 1 Oxidation and lodination of horse serum albumin b\ iodine solutions of 
different concentrations for preparation of crjstalline lodonlbiunm 

added an equal volume of saturated ammomum sulfate solution followed 
bv 3 ml of 1 N acetic acid The mixture w as then allowed to stand for 15 
mmutes, and 2 ml portions of 1 n acetic acid were added at 15 minute 
mten als until a v erj' faint turbiditv appeared within 15 mmutes after the 
addition The solution w as then left ovenught at room temperature A. 
better 3 neld of coastals could be obtained if 10 ml ot ammomum sulfate 
solution were slowlv' added to the mixture 2 hours after the cn stallization 
had started The flasks had to be shaken frequenth , especialh after t e 
addition of the reagents 

Varjnng quantities of acetic acid were needed for lodoproteins in 
different lodme contents With proteins of highei lodme content, ^ 
acetic acid was needed, and crv stallization had to be carried on m i 
greater caution, the additions of acetic acid bemg made more slow v an 
at mterwals longer than 15 mmutes In the majontv of cases a consi era e 
amount of amorphous protem settled wnth the crvstals when he i 
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content wns ibout 3 35 per rent or grcatoi In order to convert this 
ninorphous substnnee into cn stnK, the solution was kept at room tempera- 
ture for fcc\ eral cla^ s 

In order to rpcr\st‘illiEe, the cr\stals were centrifuged and dissolved m 
75 ml of a 0 3 M solution of sodium acetate and the ciystalhzation piocedure 
was repeated, the quantities of the leagents being propoi tionately reduced 
The iodine content of lodoalbiimtn did not change upon lecrystalhzation 

Methods 

The iodine content of the lodoproteins was determined as follows 
After the lodomctnc titration, the lodoalbumins were placed m cellophane 
bags and dialyzed for 24 hours against running distilled water The ne\t 
daa the bags w ere punctured and the contents emptied into 50 ml centn- 
fugc tubes The solutions were heated until the protein was coagulated 
During this process the iodine content of the protein does not alter The 
precipitate was centnfuged and washed with 20 ml of water It was then 
dissohcd in 5 0 ml of sulfunc acid (sp gr 1 84, diluted with an equal 
volume of distilled water) Nitrogen and lodme determinations were 
earned out on 2 ml aliquots of these solutions The chlorate digestion 
method (3) which was especially developed for this type of work was used 
for the determination of iodine 

The amount of iodine bound to 100 mg of albumin w as calculated ivith 
the use of the factor 6 25 for the protein-nitrogen ratio The total amount 
of iodine reduced by 100 mg of the protein was similarly computed from 
the lodometnc titration From this pair of values the number of mg of 
iodine consumed in oxidation reactions by 100 mg of albumin was calcu- 
lated, as desenbed by Hernott (4) 

Crystals 

The size and shape of the crystals were found to vary to some extent, 
depending upon the speed of crystallization The three general forms of 
lodoproteins which can be recogmzed are shown in Figs 3 to 6 Fig 2 is 
a photomicrograph of horse serum albumin given for comparison These 
crystal forms overlap, and the gradual changes can be traced from one 
to another The crystals of horse serum albumin are long but with the 
introduction of iodine m the protein they become shorter (Fig 3) When 
the iodine content reaches 1 4 per cent, there is a tendency for twn cry^a 
to become attached at their bases This tendency increases until the lo e 
content reaches 1 9 per cent, at which point smgle crystals can be foun 
only occasionally (Fig 4) With further increase m the iodine content 
some of the crystals reassume their smgle form and the blunt ends becorne 
more pointed (Fig 5) Among these crystals one finds larger crys 
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Fio 2 Crystals of horse serum albumin X 380 

Fio 3 Crystals of horse serum lodoalbumm X 380 lodmntion value, 0 8 
percent, oxidation value, 0 64 mg of I per 100 mg of albumin 



Fio 4 Fio 5 

Fro 4 Crystals of horse scrum jodoalbumin X 3S0 lodmnlion value, 1 94 

per cent, oxidation value, 1 28 mg of I per 100 mg of albumin 

Fro 5 Crystals of horse serum lodoaibumin X 380 lodmation value, 4 41 
per cent, oxidation value, 3 63 mg of I per 100 mg of albumin 



Fio 6 Aggregate of crystals of horse scrum lodoalbumin X 380 Same com 
position as m Fig 5 

which under high magnification appear to be composed of the smaller 
crystals arranged side by side 

The photomicrography of such large ciystals, especially under the 4 mm 
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oljjcctive, IS difficult md certain portions of the crystal are apt to be out 
of focus Fig 6 docs, lion ever, show the general arrangement of the 
aggregation of small cr3'stals 

Anlxgcmc Propcrhcs of Crtjslalbnc Horse Serum lodoalhumin 

Since the ork of Obermeyer and Pick (5) the immunological properties 
of lodoprotcins hai e recen ed considerable attention Most of the studies, 
howeier, have been made inth either whole serum or serum globuhn 
Therefore it w as thought ad%asable to study the antigemc relationships of 


Table I 

Anlipcntc Itclalionshxp of Horse, Egg, and Bovine Albumins and lodoalbumins 


— indicates no precipitation, + indicates titers 1 2 to 1 16, ++ titers 1 32 to 
1 256, +++ titers 1 512 to 1 1024 


Antigen 1 

No 

Source 

lodinaljon 

\alue 

Oxidation 

value 

Antisera prepared against antigens 

1 

2 

3 

4 

5 

1 

Horae 

0 

0 

+++ 

_j — |-^ 

H — h 

+ 

it 

2 


0 80 

0 65 

++ 

+++ 

++ 


++ 

3 


1 92 

1 30 

4*4’ 

4-+ 

4--^ 

+ + 

++ 

4 


2 80 

1 90 


+4* 

++ 

H — \- 

++ 

5 


4 38 

3 39 

++ 

++ 

++ 

++ 

44- 

6 


7 84 

3 84 

+ 

++ 

++ 

++ 

++ 

7 


10 80 

7 28 

+ 

++ 

++ 

++ 

++ 

8 


13 05 

8 48 

+ 

++ 

++ 

++ 

++ 

9 

Egg 

0 

0 

— 

— 

- 

— 

— 

10 


5 76 

8 32 

— 

+ 


+ 

4 

11 


9 28 

33 28 

- 

+ 

+ 

+ 

4 

12 

Bovine 

0 

0 

— 

— 

— 

— 


13 


7 20 

4 48 

j — 

+ 


+ 

4 

14 

1 

11 70 

8 96 

— 

+ 

+ 

+ 

4 


horse serum lodoalbumins and to determme the specificity changes which 
w ould result from various degrees of lodmation 

EXPERIMENTAI, 

Ciystallme lodoalbumins contaimng different percentages of lodme w ere 
prepared The dialyzed samples were stenhzed by filtration and the 
mtrogen content was adjusted to 2 mg of N per ml by the addition of 
sterile distiUed water and suflScient sterile 10 per cent sodium chlonde 
solution to bring the concentration of the salt to that of physiological 
sahne 

Rabbits weighing between 3 and 4 pounds were used for the production 
of antibodies Three rabbits w ere used for each antigen 
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The first injection Mas gi\en intrapentoneally, folloMed by five intra- 
venous injections The last injection was administered intradermallj 
A total of 19 ml of antigen Mas used m the course of immumzation 
The antigens for precipitation tests were diluted to contain 0 1 mg of 
N per ml , and Hanks’ method (6) was used for the tests 

Results 

The results obtamed are shoMm in Table I, from Mhich the foUoinng 
conclusions may be draMm (1) Antisera against horse serum albumin 
react Mith all crystalhne horse serum lodoalbumins (2) Antibodies against 
ciystalhne lodoalbumins, with the exception of lodoalbumm containing 
4 38 per cent of iodine, react Mith albumm (3) Crystalline lodoalbumms 
mduce the production of antibodies which react with horse, egg, and bovine 
lodoalbumins 


DISCUSSION 

lodoalbumms contaimng a low percentage of lodme can be used as labeled 
antigens as long as the species specificity is not of importance in the problem 
under consideration The fact that these lodoproteins can be crystallized 
is a good indication that structurally the protem molecule is not greatly 
altered, and that the changes M'hich have taken place are more or less 
uniform The author beheves that an lodoalbumm contaimng about 2 per 
cent of lodme would be most suitable for use as a labeled antigen 

SUMMARY 

1 A method for the preparation and crystalhzation of horse serum lodo- 
albuimns is described lodoalbumins contaming 4 4 per cent of iodine, 
or less, can be crystallized 

2 The antigemc properties of crystallme lodoproteins were studied It 
was found that these lodoproteins Mould be of value as labeled anbgens 
if the species specificity is not of importance m the problem under consid 
eration 
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THE REACTION OF HEMOGLOBIN WITH NITRITE 


Bi LEON A GREENBERG, DAVID LESTER, and HOR ARD W HAGGARD 
{From the Laboratory of Applied Physiology, I ale University, New Haven) 

{Rccci\cd for publication, September 10, 1943) 

Although nitnte has been extensively used as an agent for the formation 
of methemoglobin, the quantitative relations of the reaction appear to be 
uncertain , three videh different values have been reported for the amount 
of methemoglobin formed to mtnte utihzed The first statement of a 
quantitative relationship i\as made by Barcroft and Muller (1) m 1911 
In a prehminarj' report containing no experimental data or equations, and 
for v hich none \\ as supphed in subsequent publications, they indicated the 
molar ratio of mtnte utihzed to methemoglobin formed as 2, that is, 2 
molecules of mtnte react mth 1 molecule of hemoglobin to produce 1 mole- 
cule of methemoglobin This relation was accepted by Stadie (2) in 1921 
in his investigations on methemoglobin formation From expenmental 
determinations, Van Slj'ke and Vollmund (3) m 1925, Meier (4) m 1925, 
and von Issekutz (5) in 1939 reported that 1 molecule of mtnte v as used 
m formmg 1 molecule of methemoglobm, t e , a molar ratio of 1 Austin 
and Drabkin (6) m 1935 reported a ratio of 0 5 to 0 7 and one of approxi- 
mately 0 5 can be calculated from data pubhshed m 1942 by Darhng and 
Roughton (7) deahng with the effect of methemoglobm on the oxygen 
dissociation curve 

The reasons for some of these discrepancies v ill be dealt with m detail 
m subsequent discussion An obvious source of error m several of the 
mvestigations was m the assumption that all mtnte added to blood or 
solutions of hemoglobm was qmckly and completelj utihzed m methemo- 
globm formation Analyses were not made for residual mtnte In t e 
investigation reported here, this source of error was avoided The amount 
of mtnte reacting with hemoglobm was determmed and the influence o 
temperature, concentration of mtnte, and of hydrogen ion concentration 
on the reaction was studied 


EXPEIUMENTAL 

Adult white rats were used for experiments m vivo and freshly shed 
hepanmzed* rat blood for experiments in vitro Hemoglobm and met 
globm were determined by the method of Evelyn and MaUoy ( ) 6 

concentration of mtnte m the blood was determmed by a modi cation o 

> Crystalline liquaemm ivas kindly supplied by the Roche-Organon Corporation 
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the method of Stieghtz and Palmer (9) ivith sulfamhc acid instead of 2- 
naphthjdamine-djS-disulfomc acid 

To three 2 cc portions of whole blood containing 8 20 mil of hemoglobin 
per liter there ivere added 0 02, 0 04, and 0 06 cc of a 1 0 per cent solution 
of sodium mtnte nelding 1 45, 2 90, and 4 35 nui of mtnte per hter in the 
respectii e portions The blood w as maintained at 20° At the end of 30 
minutes, 1 hour, and each hour thereafter, determinations were made for 



Hours 


Fig 1 Methcmoglobin and residual mtnte in whole blood after addition of sodium 
mtnte 


methemoglobin and mtnte The findings are recorded in Fig 1 ® 

residual mtnte, as niM per hter, is shown bj'' the small figure at eac 
plotted f 

The cim'es express the relation between the rate of forma 
methemoglobin from tlie graduallj disappeanng mtnte and the ^ ® ° 
contmuons reduction of methemoglobin At the time mten'a 
maximum tonnation of methemoglobin was found for the two £ 
amounts of mtnte at 30 minutes and for the largest at 1 j.conDear 
times, 9 to 17 per cent of the mtnte was still present, it di no 
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until the 2nd or 3rd hour The rate of disappearance of methemoglobin 
increased as the nitntc concentration approached zero At the Ion con- 
centrations of methemoglobin reached by the time all, or nearly all, of the 
mtnte had disappeared, the rate of reduction slowed, as has been indi- 
cated by Gchnslv\ (10) and Co\ and Wendel (11) On the assumption 
that, except at these low levels, the rate of reduction is at a uniform rate 
(11), an approximation can be made of the total methemoglobin formation 
from the mtnte bj' extending the curve for the maxamum rate of reduction 
back to zero time These extensions are shoivn by the dotted hues in 
Fig 1, the amounts of methemoglobin indicated by these extrapolations 
are 2 5, 5 0, and 7 2 mxf per liter for 1 45, 2 9, and 4 35 mw of mtnte respec- 
tively The corresponding ratios of mtnte utilized to methemoglobin 
formed are 0 58, 0 55, and 0 59 In another senes of expenments, ratios 
of 0 55, 0 52, and 0 53 w ere obtained The possible sources of error in this 
extrapolation w ould tend tow ard a high rather than a low ratio (o) dunng 
the penod of maximum rate of reduction of methemoglobin a small amount 
of mtnte w as still present , ' (b) the rate of reduction from which the extra- 
polation was made occurred w hen the reduction w as more than half com- 
plete and if, as reported by Gelinsky (10), but contran to Cox and Wendel 
(11), the rate of reduction vanes with the concentration, the slope of the 
curve expresses a rate less than the average 
In the second senes of expenments, laked blood w as employed in order 
to eliminate the reduction of methemoglobm To each of two portions of 
red cells laked with distdled water and contaimng 6 65 mM of hemoglobm 
per liter, 2 84 niM per hter of sodium mtnte were added One portion was 
kept at 20° and the other at 37° At 30 minutes, 1 hour, and each hour 
thereafter, methemoglobin was determined, and at 5 hours, the residual 
mtnte The findmgs are given in Fig 2 The rate of methemoglobin 
formation was more rapid at 37° than at 20°, at 5 hours the respectne 
concentrations were 4 5 and 2 75 mM The residual mtntes wei;e 0 57 and 
1 50 mM per liter The molar ratios of methemoglobm formed to mtnte 
utihzed were 0 49 and 0 51 Thus, although the rate of methemoglobin 
formation in laked blood is markedly mfluenced by temperature, the molar 
ratio of the reaction of hemoglobin and mtnte is not affected 
In a third senes of expenments, sodium mtnte w as added to each of six 
portions of red cells laked by water or blood laked bj'^ sapomn in amounts 
sufficient to give molar ratios of 0 5 to 1 05 with the hemoglobm present 
The temperature was 20° At 1 and 3 hours, deternnnations were ma e 
of methemoglobin and residual mtnte The molar latios of methem^lo in 
formed to mtnte used. Table I, at both times were between 0 48 and 0 57, 
they were not influenced by the concentration of mtnte present 

In a fourth senes of expenments, mtnte w^as added to blood la e y 
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saponin m quantities to gi\e molar ratios of 0 15 to 1 16 mth the hemo- 
globin present, potassium dihydrogen phosphate wms then added to make 
the blood acid and the concentrations of methemoglobm and mtnte were 
determined 3 and 5 minutes later These short mtenmls were emplojed 
to avoid appreciable autoxidation of hemoglobin m the acid medium (12) 
and because the reaction betw een mtnte and hemoglobin proceeds rapidly 
in such a medium As seen from the data of Table II, even within these 
short penods all the mtnte had disappeared when the hemoglobin was in 
excess and all the hemoglobin had reacted when the mtnte was in excess 



Fig 2 Methemoglobm and residual mtnte in laked blood after addition of 2 84 
roM of sodium nitrite per liter 

Acidification had no influence upon the molar relation of methemoglohm 
formed to mtnte utilized, the ratios as found ranged from 0 49 to 0 54 
In a final senes of expenments, the methemoglobm formed from nitn e 
was determmed m the Imng animal to test the vahdity of the findings o 
von Issekutz (5) He injected sodium mtnte m doses of 8 to 30 mg per 
kilo (0 116 to 0 435 mM per kilo) and from the maximum concentration ot 
methemoglobm in the blood, which dexmloped m 30 mmutes to 1 hour, e 
calculated an average mtnte-methemoglobm molar ratio of near y 
the expenments here, rats were given, by intrapentoneal injection, 
and 0 435 nm per kilo of sodium mtnte At 30 mmutes, 1 hour, an ea 
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hour thercnfler, to r totil of 1 hours, the methemoglobin ;\as determined 
and, in contrast to the w ork of \ on Issckutz (5), the concentration of nitrite 
ith a dose of 0 21S him per kilo the methemoglobin concentration reached 
a nia\imum of 1 81 niM per liter at 30 minutes,, the corresponding mtnte 
^ able ns 0 218 mM per liter With a dose of 0 435 mM per kilo the concen- 
tration of nicthenioglobm reached a maximum of 3 85 miu per liter in 1 
hour, that of mtnte was then 0 333 mxt In both experiments there iiere 


Table I 

Formation of ^[ethcmoglobtn tn Lakcd Blood ,^ls Determined from Nitrite Added and 

Nitrite Utilized 


Red ccllt ULed 
with 

Moles nitrile added 

. , moles nitrite 
^ moles Hb 
calculated from 

, moles nitrite 

•’ molts Hb 

calculated from 

\!oles Hb 



Nitrite added 

Nitrite utilized 

It atcr 

0 5 

1 


1 42 


II 

1 00 



1 62 

0 50 

II 

1 03 

2 G5 

0 50 



Saponin 

0 52 

2 03 

0 48 

1 46 

0 51 

II 

1 03 

2 65 

0 53 

1 75 

0 54 

II 

I 05 

2 70 

0 57 

1 78 

0 51 


Table II 


Formation of Methemoglobin in Acidified Blood 


ifoles nitrite added 
Moles Hb 

MHb farmed 

Nitrite utilized 

Nitrile remaining 

1 Moles mtnte utilized 



mif per 1 

wisf per t 

mu per 1 


0 15 

2 11 

1 03 

0 00 


0 24 

2 82 

1 46 

0 00 


0 30 

3 91 

2 05 

0 00 


0 50 

5 46 

2 75 



0 59 

G 10 

3 23 



1 16 

7 10 

3 85 


0 54 


still appreciable amounts of mtnte in the blood at the time the maximum 
amount of methemoglobin x\as present In these experiments, and a o 
in those of von Issekutz (5), no allowance was made for the elimmation of 
mtnte in the urine Thus for txvo reasons it cannot be assumed that the 
maximum amount of methemoglobm reached in the blood expre^es e 
reaction of hemoglobin xvrth the total amount of mtnte gix'^en n a 
Niion, the maximum amount of methemoglobin observed is t e a ge raic 
sum of the amount produced and the amount reduced , this point as a rea ^ 
been discussed The only conclusion justified from such expenmen is 
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that the molar ratio of mtnte utilized to methemoglobm formed is less 
than 1 


DISCUSSION 

Barcroft and Muller (1) define the relation of methemoglobm formation 
to mtnte utihzation m the statement “Methemoglobm is formed quanti- 
tatnely when potassium mtnte is added to blood, the amount of hemo- 
globin converted containing an amount of dissociable o-<3'gen equivalent 
to that necessary to convert the mtnte to mtrate ” Since each molecule 
of hemoglobin contains 1 molecule of dissociable o\jgen for each atom of 
iron, it follows from this statement that 2 molecules of mtnte react mth 
1 molecule of hemoglobin to form 1 molecule of methemoglobm From 
present knowledge of methemoglobm as a ferric compound (13) expressed 
bj the formula Hb20(or HbOH), it is impossible to vnte an equation ful- 
filhng the conditions in the statement of Barcroft and jMuIler (1) Thus 
the equation 

4NO," + 2HbO -* HbjO + 4N07 

cannot be balanced In any possible reaction between mtnte and hemo- 
globin to form methemoglobm and mtrate the amount of hemoglobin 
converted must always contam an amount of dissociable oxygen greater 
than that necessary to convert the mtnte to mtrate - One may thus wnte 
the equation 

3NOr + 2HbO -» Hb 0 + SKO," 

The nitnte-methemoglobin molar ratio in this reaction is 1 5 Other equa- 
tions may be wntten in which free oxygen is liberated as a product of 
the reaction, 

N07 -f 2HbO -* NOr -f Hb,0 + 0 
or 

4N07 + 4HbO — 4\07 + 2HbsO + 0 , 

In the first of these equations, the mtnte-methemoglobm molar ratio is 
0 5, in the second, it is 1 0 

In the expenmental work of Fan Slyke and Volhnund (3) fromwhic 

5 Since 2 molecules of methemoglobm are formed bj each molecule of mtnte, 0 5 
molecule of oxygen should bo liberated per molecule of hemoglobin reacting, i e 
mtnte goes only to nitrate We have found in four determinations, using no 
of nitrite, a liberation of 0 SO, 0 77, 0 79, and 0 80 mole of ox} gen per mole of hem 

globm The determinations were made bj the micro gasometnc method of oug 
andScholander (14) These data n ould indicate that products other than ni ra 
produced in the reaction 
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the} reported a nitnte methemoglobm molar ratio of 1, laked blood was 
emplo} ed To 5 cc portions containing 7 30 mM of hemoglobin per liter 
there ncre added 0 05, 01, 0 2, and 0 4 cc of a 1 0 per cent solution of 
sodium nitnte These investigators calculated these amounts as repre- 
senting 0 1, 0 2, 0 4, and 0 8 mole of nitnte per mole of hemoglobin An 
anthmetical error appears in this calculation, the amounts of nitnte used 
are correctly 0 2, 0 4, 0 8, and 1 G moles per mole of hemoglobin — twice the 
amounts the} state This recalculation results in a corresponding change 
m the nitnte methemoglobm molar ratio from 1, which they report, to 2 
The explanation for this high ratio obtained after correction of the calcu- 
lations of Van SI} kc and Vollmund may be m the facts that the determina- 
tions of methemoglobm w ere made at the end of 30 minutes at room tem- 
perature and tliat none n as made for residual mtnte From a prehminary 
expenment in vlucli they found virtually all of the hemoglobm converted 
to methemoglobm m 20 minutes at room temperature, they concluded 
that 30 minutes n ere adequate for the reaction This conclusion n ould be 
justified i\ ere it known that all of the mtnte added had been utihzed If, 
as shown here, 1 mole of nitnte reacts mth 2 moles of hemoglobm, mtnte 
vas present m considerable excess m their expenment The rate of reac- 
tion of nitnte and hemoglobin depends upon their relative concentrations 
(15) Thus mth an excess of mtnte its relative concentration would 
become greater as the hemoglobm disappeared and the reaction would 
proceed at an undimimshmg rate If, however, the hemoglobm were m 
excess, the relative concentration of mtnte would become progressively 
smaller mth a correspondingly dmumshmg rate of reaction The results 
of the present investigation have, m fact, shoivn that except m acidified 
hemoglobin solutions, or when the mtnte is m excess, the reaction is far 
from complete after 30 mmutes, particularly at room temperature This 
IS m agreement with the observations of Austm and Drabkin (6) who found 
that upon addition of small amounts of mtnte to hemoglobm solutions the 
maximum formation of methemoglobm did not occur for many hours 
Meier (4), m estimating a mtnte-methemoglobm ratio of 1, made no 
determmations of methemoglobm but measured the amount of free oxygen 
hberated m the reaction When he added large excesses of mtnte to aci 
blood, oxygen was taken up This he explained by the oxidation of nitnte 
to mtrate which he show^ed would occur in the presence of acid, m air, 
without hemoglobm 

2HNOj + Oj 2HNO, 

At a concentration of mtnte, however, which was just sufficient to coni ert 
all of the hemoglobm to methemoglobm Meier found that an amoun o 



672 


reaction of hb with nitrite 


ox3'geii as liberated equal to one-fourth of the amount in oxyhemoglobin 
For this reaction, he therefore wrote the equation 

4HNO + 4HbO -► 4HNO, + 2Hb 0 + 0 (2) 

m iihich 1 mole of mtnte forms 1 mole of methemoglobm The error made 
by Meier was that he arbitrarily chose 1 mole of mtnte per mole of hemo- 
globm as the amount just sufficient to convert aU of the hemoglobm to 
methemoglobm Had he used 0 5 mole of mtnte per mole of hemoglobin, 
he M ould have found that this too w as enough to comert all of the hemo- 
globm The equation for this reaction is 

HNO + 2HbO, HNOj + HbsO + 0 (3) 

m u hich one-half of the exj^gen in the oxyhemoglobin is hberated instead 
f one-fourth of it, as found by Meier Since he added t\nce as much 
■’tnte as is necessar}’’, only half of it reacted with the hemoglobin accordmg 
to Equation 3, the other half reacted •mth oxygen according to Equation 1, 
utihzmg half of the oxygen hberated m the formation of methemoglobm and 
resultmg m a sum of reactions which is expressed bj Equation 2 Meier 
gave no evidence that all of the mtnte he added reacted exclusively with 
hemoglobm 

The detenmnation of the mtnte-methemoglobm ratio for the hving 
ammal by the method used by von Issekutz (5) is, as pointed out, impos- 
sible, smce (a) the maximum concentration of methemoglobm occurs at a 
time when there is considerable residual mtnte, (6) before the maximum 
IS reached, there is reduction of methemoglobm, (c) part of the mtnte is 
excreted m the urme (16) 

Smce the mtnte-methemoglobm ratio in vitro does not appear to be de- 
pendent upon temperature, concentration, or pH and appears to be constant 
for the reaction between mtnte and hemoglobm, it is probably’’ the same m 
the hving animal as in intro 


SUMMARY 

1 In the reaction between mtnte and hemoglobm, in intro, 1 molecule 
of mtnte reacts with 2 molecules of hemoglobin to form 2 molecules of 
methemoglobm 

2 Temperature, concentration of mtnte, and pH are without mfluence 
upon the ratio of the mtnte utihzed to methemoglobm formed 

3 In an acid medium the reaction of mtnte with hemoglobm is comple e 
in a short time 

4 In a neutral or shghtly alkalme medium, the reaction may take many 
hours for completion, depending upon the concentration of mtnte 

5 The amount of methemoglobm formed per mole of mtnte u i ze 
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cannot be determined directly m the Imng ammal but is probably the same 
as It IS in vttro 

Acknowledgment is made of the technical assistance of Evelyn Shu- 
kovskj' 
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